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ABSTRACT
The chemical characteristics of hot-spring waters are believed as the consequence of interactions
between hot waters and solids or mixtures between the cold waters and hot waters within the crust of
the Earth. Thus, element abundances and isotopic compositions in the hot-spring waters can provide
physio-chemical characteristics of the hydrothermal system and details concerning the origin and
evolution of these waters. In Japan, there are more than 4536 hot springs. Among them, hot-springs in
Misasa area, Tottori Prefecture, southwest Japan, are well-known as the Rn-rich hot springs with high
temperature. Misasa hot springs have been studied for more than a century, but their geochemical
features and origin of the Rn-rich hot-spring waters are still not understood yet. This is because of
difficulties in determination of the small quantities of elements that they contain, as low as fgg−1
level.
Therefore, this study is firstly aimed to develop a pre-concentration method to precisely determine
52 elements by using a FDC-ID-IS method, which is a combination of freeze-drying pre-concentration
(FDC) and isotope dilution internal standardization (ID-IS). By sublimation of H2O, ∼100-125 mL of
the sample solution was reduced by <1/50. After FDC, the sample was collected, digested, dried, and
redissolved. For analyses of Li, Be, Na, Mg, Al, P, K, Ca, Sc, V, Mn, Fe, Ni, Co, Cu, Zn, Ga, Rb, Sr,
Y, Cd, In, Cs, Ba, REE, Tl, Pb, Bi, Th, and U (group I element), the sample was mixed with HCl, HF,
and HClO4, and the residue after drying was redissolved with HNO3. For analyses of B, Ti, Zr, Nb,
Mo, Sn, Sb, Hf, Ta (group II element), the sample was mixed with HF and mannitol, and the residue
after drying was redissolved with HF. Abundances of 52 elements were determined by six acquisitions
using mass spectrometry after addition of spiked solutions. Abundances of group I elements were
determined by four acquisitions Ia (for Li, Be, Rb, Sr, Y, Cs, Ba, REE, Pb, Th, and U), Ib (for Cd,
In, Tl, and Bi), Ic (for Na, Mg, Al, P, Ca, V, Mn, Fe, Co, and Sr), and Id (for K, Sc, Ni, Cu, Zn, Ga,
and Sr). Abundances of group II elements were determined by two acquisitions IIa (for B, Zr, Nb,
Mo, Sn, Sb, Hf, and Ta) and IIb (for Ti). Acquisitions Ia, Ib, and IIa, and acquisitions Ic, Id, and IIb
were conducted by ICP-QMS and ICP-SFMS, respectively. To minimize overestimation of element
abundances resulted from interferences, high-mass-resolution technique was applied for acquisitions
Ic, Id, and IIb with mass resolution of 4000, 10000, and 4000, respectively. The oxide-correction
was applied for acquisitions Ia and Ib. In order to determine element abundances with accuracy
better than 10%, the solution fed into mass spectrometry should be with concentration of HNO3
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>0.3 molL−1 to avoid hydrolysis of cations. Matrix-effected signal suppression was not significant
for the solutions with NaCl concentrations lower than 0.2 cgg−1 and 0.1 cgg−1 for ICP-QMS and
ICP-SFMS, respectively. Recovery yields of elements on FDC were 96.8-105%. Detection limits
in a sample solution with FDC were ≤10 pgg−1, except 100 pgg−1 for Na, 89.0 pgg−1 for K, and
15.6 pgg−1 for Ca, respectively. Blanks with FDC were pg-level, except for 11 elements (ng-level,
Na, Mg, Al, P, Ca, Mn, Fe, Co, Ni, Cu, and Zn). Reproducibilities on determination of element
abundances of standard river water SLRS5 with FDC were ≤10% and 21% for 51 elements and Sn,
respectively. The reliability of the FDC-ID-IS method was demonstrated by analyses of drinking
waters from seven geological sources of which abundances of 52 elements were found ranging from
fgg−1 (e.g., REE) to µgg−1 level (e.g., Na). The FDC-ID-IS method has been applying for analyses
of Misasa hot-spring waters.
Then, a comprehensive geochemical analyses of hot-spring waters were conducted using the
FDC-ID-IS, ion chromatography, liquid scintillation counting, and isotopic analysis to determine abun-
dances of major- and trace-elements including cations, anions, and Rn, and Sr isotopic composition,
respectively. Based on new results including geochemical data and fluid properties, Misasa hot-spring
waters are characterized. The new results of this study, together with those available literature of
geological, geochemical, geothermal, and geophysical data, the origin of Rn-rich hot-spring waters in
Misasa are further interpreted.
In Misasa area, there are 57 hot-springs locating in narrow strip 1.5 km stretch of Mitoku river
of Misasa valley, where basement geology are dominated by late Tertiary plutonic rocks to early
Quaternary volcanic rocks. The hot-spring waters show variations in abundances of not only among
elements, but also among waters. These variations are likely related to solubility of elements in
the waters, which are turn out dependent upon water properties such as temperature, pH, oxidation-
reduction condition, and scavenging with anions. Most elements are controlled both temperature
and pH, while REE and U, which are probably controlled by scavenging with Cl− and SO2−4 and
incorporated with Fe oxyhydroxide and calcite. The positive and negative trends of element abundances
and temperature and pH, together with negative trend of the hot-spring fluids with volcanic rocks,
but plutonic rocks, respectively, suggesting that the fluids are progressively react with the volcanic
rocks at elevated temperature. Chlorine has abundances from 70.4 to 688µgg−1, which is the most
dominant element in the hot-spring fluids. The Cl abundance of the hot springs is ∼100 and ∼44
times higher and lower than that of the surface water and sea water, respectively. The minerals of
basement rocks such as amphibole and biotite contain significant Cl abundance, but they are minor
minerals in rocks. The relative large Cl abundance of the hot springs can not explained by contribution
of Cl from the surface water, sea water, and basement rocks. The positive correlation between Cl and
temperature imply that the initial fluids may come from the depth of a hydrothermal reservoir, where
Cl is probably derived from magma fluids.
Based on Na-K-Mg diagram, the temperature of hydrothermal reservoir is estimated to be 120-
200◦C, indicating that the hot-spring waters are probably originated from heterogeneous high temper-
ature reservoir. Most hot-spring waters fall into the immature fluid and partial equilibrium, suggesting
that the interaction of the fluids and with rocks has not been reached to equilibrium yet.
The upper-crust major element normalized patterns for hot springs are characterized by positive
spikes of Cl, S, Na, and F and strong negative spike of Mg, which differ from those of seawater, and
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river water. The negative spikes of Mg is explained by incorporation of Mg into smectite hydroxide
during fluid-rock interaction. The upper-crust trace element normalized patterns for hot springs are
characterized by negative slopes with positive spikes of Li, Cs, Tl, Pb, and Be, and negative spike
of V. The CI-chondrite REE normalized patterns for hot springs and cold springs are characterized
by flat patterns to positive slopes, and with negative spikes of Ce and Eu. The positive correlation
between elements (Ce and Eu) and elements (Fe and Ca), suggesting that the negative spikes of Ce and
Eu are resulted from incorporation onto precipitations of Fe oxyhydroxide and calcite, respectively.
These features differ from those of volcanic and granitic rocks, which are characterized by negative
slopes, and with no spikes of Ce and Eu, except for negative Eu spike in granitic rocks. Based on REE
features, three groups (I, II, and III) of hot springs were identified. Groups I and II are characterized by
higher and lower total REE abundances, in association with higher and lower temperature, respectively,
while those of group III is characterized by varied total REE abundances and varied temperature and
pH. group III may be a mixture of groups I and II with cold spring fluid.
The Sr-isotopic compositions of Misasa cold and hot springs show lower compared with those of
granitic rocks, and fall into those of ranges of volcanic rocks in vicinity area. The Sr isotope trend
formed by cold and hot springs suggests the involvement of two end-member components, which are
volcanic rocks and cold-spring waters.
Misasa hot springs are uniquely characterized by both Rn-rich and high temperature. The origin
of the Rn-rich hot springs can attribute to either (1) Ra-rich in hot-spring waters, (2) Ra-rich in
basement rocks (volcanic and granitic rocks), (3) magma degassing, or (4) hidden U ore deposits.
The possibilities coming from Ra-rich in hot springs and basement rocks are eliminated as important
sources, because their Ra abundances are too low and small leaching efficiency of Rn from rocks into
solution, respectively. The possibility of Rn-rich coming from magma degassing is ruled out, because
the half-life of Rn is short (3.82 days), it cannot survive during transportation to surface for long
journey from magma chamber, which may be located in great depth. Having eliminated hot-spring
waters, basement rocks, and magmatic degassing as important sources, hidden U ore deposits beneath
this studied area are the best explained for dominant means of Rn addition into hot springs. The
estimated abundances of Ra and U equilibrated with that of Rn found within hot-springs are high
enough to generate high Rn into hot-spring waters. The spatial distributions of surface exposure of U
deposits associated with well-developed fault system and shear zone are also supported for presence
of the hidden U ore deposits in this area and regional vicinity.
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Chapter 1
GENERAL INTRODUCTION
1.1 HOT-SPRING FLUID AND ITS FORMATION AND OCCURRENCE
Water plays an important role in Earth’s evolution and dynamics, because it has a strong influence
on the physical and chemical properties of geological materials. As a mobile phase, water also plays
a vital part in transferring mass and energy near the surface and within interior of the Earth. The
water flows on the surface and migrates within the underground and it is responsible for mobility and
transport of dissolved solid, liquid, and gas, as well as heat to the surface (Ague, 2003). For example,
flows of water on the surface and the sub-ground provide the powerful force for shaping the landform
such as formation of the Grand Canyon in the past 4 Ma causing by stream channels on Colorado
Plateaus eroded the land surface (Karlstrom et al., 2014).
Most water within underground originates from meteoric waters deriving from precipitation
(rain and snow), continuously infiltrating and descending into the depth of the geothermal reservoir.
The water migrates within the underground is caused by differences in density related largely to
temperature (White and Brannock, 1950). The water comes into contact with or distributes near heat
source within geothermal reservoir, it will be heated and forms hydrothermal fluid (Hedenquist and
Lowenstern, 1994). As heated, the water becomes highly reactive and tend to be circulated upward to
the surface because of convection force under hydrothermal systems. It usually emerges at openings
on Earth’s surface such as faults or shear zone. The surface manifestation of hydrothermal circulation
is fumaroles or hot-springs. A terminology “hot spring” is defined as a spring that is generated when
the fluid within underground of the Earth’s crust is geothermally heated.
In general, hot spring is primarily found in regions of dormant volcanic activity or situated in
association with the volcanic belt of the arc (Acharya, 1989; Sugimura and Uyeda, 2013). For example,
occurrences of clusters of high temperature hot springs are coincided with Quaternary volcanoes form
the lineament along the coastal area in eastern part of Chugoku district, where higher geothermal flow
is detected. The heat source for these hot springs are, therefore, naturally related to magma activity
within volcanoes, while fluid source is believed to be genetic linked to volcanic source or mixture of
groundwater with volcanic fluid (White and Brannock, 1950; Aki and Hirano, 1970; Shinohara et al.,
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1993).
A second types of hot-springs is unrelated to active volcanoes and situated in regions of non-
detected volcanic activity such as South Korea, Arima (Hyogo) in Japan (Chiba et al., 2015; Lee et al.,
2011). These hot springs occur at granitic and Cenozoic volcanic rocks, where the geothermal flow
and anomaly of geothermal gradient are detected. The heat source provides for these hot-springs is
considered to be linked to heat production, which generated by radioactive elements or post-magma
activity (Mawson, 1927; McLennan and Taylor, 1996; Brugger et al., 2005), while the fluid source
is believed to be dominated by meteoric waters descending into the depth of geothermal reservoir
through rock fracture and pores (White and Brannock, 1950; Bucher et al., 2009; Lee et al., 2011).
Both two types of hot springs have high temperature (normally above the core human body
temperature >36.7◦C), and they are highly reactive and convective. The composition of hot spring
is highly enriched in dissolved salts, which derived from the continuous interaction of the fluid with
the crustal wall rock on flow path to the surface. The composition of hydrothermal fluid can have
signatures of the wall rocks (Sheppard, 1986). Different elements have different solubilities which
may depend on fluid properties such as temperature, pH, salinity, and acidity, as well as compositions
of the wall rocks (Nordstrom et al., 2005). Elements and isotopes of this fluid may, thus, provide
important clues linking to sources of fluid and heat, as well as water-rock interaction processes. These
resulted into major questions on the subject concerning to the sources of heat, fluid, and dissolved
elements.
1.2 HOT-SPRING FLUIDS IN MISASA AREA
Japan has more than 4536 hot springs and many of them are distributed in the western part of
Japan (Muraoka et al., 2006). Among them, hot springs in Misasa area are well-known as Rn-rich
hot springs, which have been studied for more than 100 years. Many studies have been investigated
geochemical characteristics of Misasa hot-spring based on major elements Na, Mg, K, Ca, Cl, HCO3,
and SO4 and few trace elements such as Fe, As, Ge, Se, and P (Umemoto, 1953; Sugihara, 1960;
Sakanoue, 1960; Matsubaya et al., 1973). Majority of those studies have been mainly focused on
interpretation of the origin of Rn rich in hot springs based on analyses of Rn, Ra (Nakai, 1940; Oshima
et al., 1954; Horiuchi and Murakami, 1979; Koga et al., 1996; Horiuchi, 1998; Inagaki et al., 2005).
Radon rich in hot-spring fluids are interpreted to be originated from (1) groundwater, (2) plutonic
rocks, (3) spring deposit containing Rn lying near the surface.
Horiuchi and Murakami (1979); Moninaga et al. (1984) interpreted that the dissolved Ra in
groundwater or from Ra-rich in deeper aquifers is a main source to generate Rn-rich in hot-spring. In
contrast, Koga et al. (1996) reported that Rn abundance of groundwater is much lower than that of hot
springs. This suggests that groundwater is unlikely source to generate Rn-rich in hot springs. The
Rn abundance is 2-3 orders higher than that of equilibrium amount of Ra in groundwater Horiuchi
(1998). The dissolved Ra in groundwater or deeper aquifer is therefore not source to generate Rn-rich
in hot springs. Oshima et al. (1954); Inagaki et al. (2005) considered that the plutonic rocks contain
significant amounts of Ra disintegrating from U, is possible source to generate Rn-rich in hot springs.
Mifune (1981) interpreted that the Rn-rich in hot springs in Misasa is originated from the spring
sediment containing Ra lying close to ground surface.
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None of them have been conducted comprehensive evaluation of characteristics of Misasa hot
spring, as well as its sources of fluid and heat yet. Therefore, these studies have been shown their
limitation for understanding instinct nature of hot-spring fluids in the form of source of heat and fluid,
as well as dissolved elements in the fluid.
1.3 PROBLEMS OF PREVIOUS STUDIES
The most likely problems of previous studies have been attributed for limitation of (1) determina-
tion of element abundances and isotopes and (2) lack of information from comprehensive observations.
Many previous studies have been focused on finding sources of Rn-rich in hot-spring fluids based on
analyses of Rn and Ra (Nakai, 1940; Oshima et al., 1954; Koga et al., 1996; Horiuchi, 1998; Inagaki
et al., 2005). Some have been determined abundances of few major elements such as Na, Mg, K, Ca,
Cl, HCO3, and SO4 and few trace elements such as Fe, As, Ge, Se, and P (Umemoto, 1953; Sugihara,
1960; Sakanoue, 1960; Matsubaya et al., 1973). Most trace elements in hot-spring fluids have been
not determined. This is because of trace elements that present at extremely low abundances down
to fgg−1 level (e.g., REE). Therefore, the determination of abundances of trace elements is difficult.
To determination of such extremely low abundances of elements, pre-concentration of elements in
solution prior to analyses is required.
Many pre-concentration techniques have been proposed such as boiling and sub-boiling evap-
oration (Thompson et al., 1982; Gorlach and Boutron, 1990), coprecipitation (Umashankar et al.,
2002), solid-phase or liquid-phase extraction (Esser et al., 1994), and freeze drying (Harrison et al.,
1975; Stoessel and Prange, 1985). The sub-boiling evaporation technique developed by Boutron and
Martin (1979); Gorlach and Boutron (1990) showed advantages of analyses of many elements (32
and 4 elements) and contamination by drying solution at 70◦C, their limitations are low recovery
yield and large detection limits, and labour consuming (∼7 days to dry up 70 mL), respectively. The
coprecipitation technique presented by Murthy and Ryan (1983); Yabutani et al. (2000); Umashankar
et al. (2002) showed to enable to analyses of many elements (4, 11, and 30 elements, respectively)
with relative high recovery yields, but large blank from reagents and larger detection limits. The
solid-phase or liquid-phase extraction reported by Esser et al. (1994); Batterham et al. (1997); Mackey
et al. (1997) showed ability to analyses of multi-elements with large pre-concentration factor, but the
technique requires tedious teps for cleaning the ion exchanger, and employs environmentally unsafe
and expensive solven and requires large sample volume, as well as labour consuming (Komjarova and
Blust, 2006).
In contrast, freeze-drying technique is the only technique that has high recovery yield, low blank,
and wide applicability to multi-elements. This technique developed by several previous studies, but
they have been taken all advantages of the method. Harrison et al. (1975) showed high recovery yields
(95%) by using freeze-drying prior to neutron activation analysis, but lower yields for I (68±21%)
and Hg (61±9%), and determined only 22 elements. Stoessel and Prange (1985) demonstrated the
applicability of freeze-drying prior to total-reflection X-ray fluorescence for determining elements in
rainwater, and showed low detection limit (2–20 ngL−1), but blank is still high for Fe (0.13 µgL−1),
Ni (0.08 µgL−1), Cu (<0.03 µgL−1), Zn (0.17 µgL−1), and Ba (0.72 µgL−1), and determined only 20
elements. As a consequence, those studies did not take full advantages of freeze-drying technique.
The lacks of information about geology and geochemistry of basement rocks, as well as geophysics
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are secondly problems of previous studies. The genetic links between hot-spring fluids and basement
rocks have not been elucidated because of no or little available geochemical data including major- and
trace elements, and isotopes of either hot springs or basement rocks. The evidences of sources of heat
and Rn-rich for hot springs have not been evaluated by previous studies yet, because no combination
among geochemistry, geothermal gradient, geothermal flow, and geophysics are made.
1.4 OBJECTIVES
This study is firstly aimed to characterize hot-spring fluids based on comprehensive geochemical
analyses including element and isotopic data of hot-spring fluids in Misasa area, Tottori prefecture,
Japan. Secondly, the genetic links of hot-spring fluids to basement geology is elucidated by comparison
of element and isotopic ratios of the hot-spring fluids with the surrounding rocks. Thirdly, the source
to generate Rn-rich in Misasa hot-spring fluids is interpreted based on comprehensive observations
including geochemical data, geology, and geophysics. The last goal is followed the third objective to
reveal the sources of heat for various types of hot-spring fluids.
1.5 PROPOSAL OF NEW APPROACHES
In order to determine elements of natural water, FDC-ID-IS technique is a combination of freeze-
drying pre-concentration (FDC) with isotope dilution internal standardization (ID-IS), has been
developed. The FDC-ID-IS technique allow determination of 52 elements of natural waters with
abundances ranging from µgg−1 down to fgg−1 level. On the other hand, other major elements such
as F, Cl, Br, N, and S and radioactive gas elements of Rn, together with Sr isotopes are determined.
Besides evidences of geochemistry obtained by this study, those of another information have been
appeared on literature are collected in order to have comprehensive insights into the instinct nature
of hot-spring fluids. Basement geology of area where hot springs located, may help to understand
fluid-rock interaction and genetic links to composition of the wall rock that hot-spring fluid passing
through or reacting with. In the areas where basement rocks have high porosity and permeability are
usually associated with locations of fractures, faults, shear zone, which are favorable channels for
transportation of fluids and gases in the ground within Earth’s crust. The fact that occurrences of hot
springs and hydrothermal deposits are structurally controlled (Nakamura et al., 1969; Sasada et al.,
1987; Harper, 1978; Pedersen et al., 1980; Kislyakov and Shumilin, 1996).
In the non-volcanic activity region, occurrences of hot-springs are associated with anomalies
of high geothermal gradients and flows. The heat source caused the anomalies of high geothermal
gradients and flows could be attributed for (1) energy generated by disintegration of radioactive
elements of basement rocks, (2) post-magma activity, and (3) friction due to movement of two blocks
of rocks on faults (White and Brannock, 1950). Therefore, determination of heat source may help
understanding mechanism of circulation and transportation of fluids within hydrothermal system.
In the active regions with occurrence of many large Earthquakes may help identifying signatures
of hidden active faults or presence of magma chamber in the deeper depth. The ascent of magmatic
fluids, together with transferring heat into the surrounding rocks by magma activity is resulted into
low seismic velocity and high Poisson ratio (Christensen and Mooney, 1995; Zhao et al., 2018). The
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high He anomaly detected in hot springs or along faults and shear zones may be signatures to support
for contribution of mantle-delivered helium from magma source.
The surface expose of hydrothermal deposits such as U deposit associated with the occurrence
of hot springs and fault systems, can provide important clues for seeking hidden hydrothermal ore
deposits. In addition, Rn-rich in hot-spring fluids can be used as tool for exploration of the hidden
U deposits in the depth. A combination of occurrence of Rn-rich in hot-spring fluids with the
surface exposure of U deposit, together with distribution of fault systems and shear zone will help
understanding mechanism of hydrothermal fluid activity, as well as relationship between Rn and U in
hydrothermal systems.
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Chapter 2
DEVELOPMENT OF HIGH
SENSITIVE ANALYTICAL
TECHNIQUE FOR NATURAL WATER
ANALYSES
2.1 INTRODUCTION
Chemical characteristics of natural fluids such as hot-spring water and ground water is consequence
of interaction between fluid and solid on the surface and crust of Earth (Shevenell and Goff, 1993; Lee
et al., 2011). Element abundances in the fluids provide physiochemical characteristics of system, and
origin and evolution of the surface and crust of the Earth. Determination of element abundances of the
hydrothermal fluid is, however, difficult because of small quantities of elements in it, as down to fgg−1
level (Kalacheva et al., 2015). To determine element abundances of such natural water, concentration
of elements in solutions prior to analyses (pre-concentration) have been proposed.
A few pre-concentration techniques have been developed; those include sub-boiling evaporation
(Gorlach and Boutron, 1990), coprecipitation (Umashankar et al., 2002), solid-phase or liquid-phase
extraction (Esser et al., 1994), and freeze drying (Harrison et al., 1975; Stoessel and Prange, 1985).
Pre-concentration using freeze drying has advantages in good recovery yield and low procedural blank,
thus it has been applied to analyses of natural water combined with instrumental neutron activation
(INAA; Ndiokwere, 1982), atomic absorption spectrometry (AAS; Hall and Godinho, 1980), and
total-reflection X-ray fluorescence (TXRF; Stoessel and Prange, 1985). However, number of elements
to be determined was limited by analyses following the pre-concentration.
To determine abundances of 52 elements of natural water with pre-concentrations down to fgg−1
level precisely, a FDC-ID-IS method that is combination of freeze-drying pre-concentration (FDC)
and isotope dilution internal standardization (ID-IS) has been developed. Recovery yields on FDC
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were estimated by analyses of reference solutions with and without FDC. Ranges of acidity without
hydrolysis of cations and ranges of major-element concentrations without matrix-effected signal
suppression on mass spectrometry were examined. To determine Eu accurately, contribution of
135BaO+ interference on 151Eu+ spectrum and uncertainty on determination of Eu were estimated. To
demonstrate performance of FDC-ID-IS method, river water SLRS5 and drinking waters from seven
geological sources were analyzed.
2.2 EXPERIMENTAL
2.2.1 Spike, reagent, and reference solutions
Reagents H2O, HClO4, HCl, HF, and HNO3 were prepared following Moriguti et al. (2004). Four
spiked solutions 149Sm, 10B, 91Zr-179Hf, and 97Mo-119Sn-121Sb were prepared following Makishima
and Nakamura (2006), Makishima et al. (1997), Makishima et al. (1999), and Lu et al. (2007),
respectively. To estimate recovery yields of elements on FDC, two reference solutions X1 and X2
were prepared. To find conditions that are free from hydrolysis and matrix-effected suppression, two
reference solutions TE and ME were prepared. Four reference solutions are detailed as below.
Reference solutions X1 and X2: To determine element abundances by mass spectrometry,
elements in solution must be in form of soluble ions or stable complexes. Elements Li, Be, Na, Mg,
Al, P, K, Ca, Sc, V, Mn, Fe, Ni, Co, Cu, Zn, Ga, Rb, Sr, Y, Cd, In, Cs, Ba, REE, Tl, Pb, Bi, Th, and U
(group I elements) form soluble ions in HNO3 and elements B, Ti, Zr, Nb, Mo, Sb, Sn, Hf, and Ta
(group II elements) form soluble oxo- and fluoro-complexes in HF (Nagender Nath et al., 2009). Two
batches of silicate rocks (JB3, Geological Survey, Japan) were decomposed, dried, redissolved, and
diluted to have two reference solutions. The silicate rock was decomposed, step-wisely dried, and
redissolved following Yokoyama et al. (1999) and Makishima and Nakamura (2006), then diluted by
0.5 molL−1 HNO3 to have a solution with dilution factor of 1000, which was referred as reference
solution X1. To demonstrate performance of Ba oxide correction, a solution of Ba (Wako pure
chemical industries, Ltd, Japan) was mixed to reference solution X1 to have a series of solutions
that varied in Ba/Eu ratio from 182 to 5×105. The silicate rock was also decomposed, dried, and
redissolved following Lu et al. (2007), then diluted by 0.5 molL−1 HF to have a solution with dilution
factor of 1000, which was referred as reference solution X2. To suppress evaporation of B during
decomposition (Ishikawa and Nakamura, 1990), mannitol solution (Nakamura et al., 1992) was
dropped on the silicate rock before decomposition. Reference solutions ME and TE: To find ranges
of acidity without hydrolysis and range of major-element concentrations without matrix-effected
signal suppression, two reference solutions were prepared. Reference solution ME includes Na, Mg,
Al, K, Ca, V, Mn, Fe, Co, Ni, Cu, Zn, Ga, and Sr, and was created by dilution of a multi-element
calibration standard 2A (Agilent Technologies, USA) by 0.5 molL−1 HNO3. Reference solution TE
includes Li, Rb, Sr, Y, Cs, Ba, REE, Pb, Th, and U, and was created by dilution of a mixture of a
“PM solution” (Makishima and Nakamura, 1997), Li solution (Kanto Chemical Co, Japan) and Pb
solution (Kanto Chemical Co, Japan) by 0.5 molL−1 HNO3. Reference solution TE was mixed with
16 molL−1 HNO3, and diluted by H2O to have a series of solutions that varied in concentrations of
HNO3 from 0.1 to 1.0 molL−1. Reference solutions ME and TE were mixed with a NaCl solution
to have a series of solutions that varied in concentrations of NaCl from 0 to 0.6 cgg−1 and from 0 to
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2 cgg−1, respectively. The NaCl solution was created by dissolving NaCl solid (Merck KGaA 64271
Darmstadt, Germany) by 0.5 molL−1 HNO3.
2.2.2 Pre-concentration, collection, and spiking
Sample solutions (100−125 mL with 0.05 molL−1 HNO3) were loaded in two polypropylene bottles
(125 mL bottle, Thermal Scientific, USA) for group I and II elements. The sample solutions were
frozen at 105 Pa and −70 ◦C for 8 hours in a freezer MDF-C8V1 (Sanyo Electric, Japan). Then the
solids were dried at 2 Pa and −60 ◦C for 45 hours in a dryer DC800 (Yamato Scientific, Japan). By
sublimation of H2O, a volume of the sample was reduced by <1/50. The solids were then thawed
at room temperature. Following freeze-drying pre-concentration (FDC), the sample was collected,
digested, dried, and redissolved differently (see Figure 2.1).
After FDC, the sample for group I elements was transferred into a Teflon beaker (7 mL beaker,
Savillex). To collect remnant elements that may stay on the wall, additional procedures were repeated
twice: (1) Solutions of 6 molL−1 HCl (1.5 mL) and 30 molL−1 HF (0.15 mL) were dropped on to
the 125 mL bottle. (2) The 125 mL bottle was vigorously shaked. (3) The solution in the bottle was
transferred into the 7 mL beaker. The sample solution was mixed with 7 molL−1 HClO4 (0.5 mL) and
30 molL−1 HF (0.3 mL), and agitated in a ultrasonic bath at 70◦C for 8 hours, and dried following
Yokoyama et al. (1999). The residue after drying was redissolved by 0.5 molL−1 HNO3 to be sample
solution of 0.7−2 mL. The sample solution was agitated in the ultrasonic bath at 70◦C for 1 hour.
After FDC, the sample solution for group II elements was transferred into a polypropylene beaker
(8 mL beaker, Thermal Scientific). To collect remnant elements that may stay on the wall, additional
procedures were repeated twice: (1) Solutions by of 0.1% mannitol (0.12 mL) and 10 molL−1 HF
(1.2 mL) were dropped on to the 125 mL bottle. (2) The 125 mL bottle were vigorously shaked. (3)
The solution in the bottle was transferred into the 8 mL beaker. To suppress coprecipitation of group
II elements with Ca-Al fluorides, Al-solution (Alfa Aesar, USA) was mixed to the sample solution
to make Al/(Al+Ca) ratio be ≥0.9 (Tanaka et al., 2003; Lu et al., 2007). The sample solution was
agitated in the ultrasonic bath at 70 ◦C for 8 hours, and dried at 70◦C following Lu et al. (2007).
The residue after drying was redissolved by 0.5 molL−1 HF to be sample solution of 0.7−2 mL. The
sample solution was agitated in the ultrasonic bath for 1 hour. To determine element abundances using
the ID-IS, the optimum amount of spiked solutions (spiked solution 149Sm for group I elements and
spiked solutions 10B, 91Zr-179Hf, and 97Mo-119Sn-121Sb for group II elements) were mixed to the
sample solutions. Before addition of the spike solutions, element abundances of sample solutions
were determined by intensities of ion signal semi-quantitatively consuming quantity of 0.3 mL. The
sample solutions were agitated in the ultrasonic bath at 70◦C for 30 minutes after addition of the
spiked solutions. Supernatant of the sample solutions was analyzed by mass spectrometry. We define
pre-concentration factor C as relative quantity of the sample solution before FDC to that fed into mass
spectrometry. The sample solution that fed into mass spectrometry is with C = 50−185.
2.2.3 Mass spectrometry
Abundances of 52 elements were determined by six acquisitions using mass spectrometry. Abundances
of group I elements were determined by four acquisitions Ia (for Li, Be, Rb, Sr, Y, Cs, Ba, REE,
Pb, Th, and U), Ib (for Cd, In, Tl, and Bi), Ic (for Na, Mg, Al, P, Ca, V, Mn, Fe, Co, and Sr), and
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Id (for K, Sc, Ni, Cu, Zn, Ga, and Sr). Abundances of group II elements were determined by two
acquisitions IIa (for B, Zr, Nb, Mo, Sn, Sb, Hf, and Ta) and IIb (for Ti). Acquisitions Ia, Ib, and
IIa, and acquisitions Ic and Id were conducted by ICP-QMS Agilent 7500cs (Yokogawa Analytical
Systems, Japan; Makishima and Nakamura, 2006; Makishima et al., 2011; Lu et al., 2007) and
ICP-SFMS Element-XR (Thermo Scientific, Germany; Makishima and Nakamura, 2006; Lu et al.,
2007), respectively. To minimize overestimation of element abundances resulted from interferences,
high-mass-resolution technique was applied for acquisitions Ic, Id, and IIb with M/∆M 4000, 10000,
and 4000, respectively, and oxide-correction technique was applied for acquisitions Ia and Ib. To
estimate contributions of 95MoO+ and 135BaO+ interference on 111Cd+ and 151Eu+ spectra, Mo
solution without Cd (1 µgg−1; Makishima et al., 2011) and Ba solution without Eu (1 µgg−1) were
analyzed periodically. The analytical conditions are detailed in Table 2.1 and 2.2. Total yields and
atomic yields on mass spectrometry are shown in Appendix A.
Elements with ionic potential (IP ≡ charge/radius ratio) >30 nm−1 strongly bond with O2− in
water and therefore form stable oxyhydroxides or aquocomplexes, which tend to turn into minerals
(Railsback, 2003). Existence of hydrolysis in solution results in inhomogeneous distribution of cations
(e.g., Milkey, 1954) and consequently, delivery rate of elements to mass spectrometry would be
biased. Elements such as Pb, Th, and U are not hydrolyzed with pH <0.3 (e.g., Nagender Nath et al.,
2009) but hydrolyzed with pH >4.2, >3.7, and >5.6 (e.g., Milkey, 1954). Natural water was stored
with the acidity of pH 1.3 without evaluation on hydrolysis of cations (0.05 molL−1 HNO3; Batley
and Gardner, 1977). To find out minimum acidity that are without hydrolysis of cations, reference
solutions TE that varied in concentrations of HNO3 from 0.1 to 1.0 molL−1, were analyzed as if
sample. Ion signals of Li, Be, Rb, Sr, Y, Cs, Ba, REE, Pb, Th, and U were surveyed.
Matrix-effected signal suppression is a phenomenon for which target ions of element is suppressed
by abundant ions of major element on mass spectrometry. Natural waters (hot-spring water, river
water, and sea water) are with abundant major elements such as Na and Cl up to µgg−1 level. By
FDC, not only trace elements but also the major elements were concentrated. To find maximum
major-element concentrations without matrix-effected signal suppression, reference solutions ME
and TE that varied in concentrations of NaCl from 0 to 0.6 cgg−1 and from 0 to 2 cgg−1, respectively,
were analyzed as if sample. Ion signals of elements Na, Mg, Al, K, Ca, V, Mn, Fe, Co, Ni, Cu, Zn, Ga,
and Sr and elements Li, Be, Rb, Sr, Y, Cs, Ba, REE, Pb, Th, and U were surveyed.
Contribution of 135BaO+ interference on 151Eu+ spectrum becomes significant when Ba/Eu
ratio is >103 such as hot-spring water and river water (Chiba et al., 2015; Aries et al., 2000).
Aliaga-Campuzano et al. (2013) tried to suppress generation of BaO using Apex-Spiro system that
was a combination of high-efficiency-sample-introduction system and membrane-desolvator system.
However, when Ba/Eu ratio is >4×104, an aperture on sample-introduction cone was partially
closed by deposit of salts and memory effects derived from the membrane-desolvator system became
significant. Chiba et al. (2015) estimated contribution of BaO+ interference on Eu+ spectrum by
analysis of Ba solution, without showing uncertainty. We determine [Eu] accurately and estimated
uncertainty propagated from uncertainties on intensity 151I, intensity 137I, and Ba oxide-to-atomic-
yield ΘBaO+/Ba+ . The uncertainty is detailed in Appendix B. To demonstrate the performance in [Eu]
determination, reference solutions X1 that varied in Ba/Eu ratio from 182 to 5×105, were analyzed
as if sample.
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2.2.4 Performance of freeze-drying pre-concentration
Recovery yield, that is habitability of elements on FDC, was examined. Reference solutions X1 and
X2 were diluted 50 times by H2O, then concentrated back by FDC. Reference solutions X1 and
X2 with and without FDC were analyzed as if sample. To demonstrate applicability of the method,
reference river water SLRS5 of Ottawa (National Research Council Canada, Canada) was analyzed
with and without FDC, and drinking waters from seven geological sources were analyzed.
2.3 RESULTS AND DISCUSSIONS
2.3.1 Optimization for natural-water analyses
Range of concentration of HNO3 without hydrolysis was examined by analyses of a series of reference
solutions TE that varied in concentrations of HNO3 from 0.1 to 1.0 molL−1. Existence of hydrolysis
was detected as a deficit of ion signal relative to that of 0.5 molL−1 HNO3. The deficit as a function
of concentration of HNO3 is shown in Figure 2.2. The deficit due to hydrolysis of elements except
for Th, was ≤10% on the whole range. That of Th was ≤10% when concentration of HNO3 was
≥0.3 molL−1 but >10% when concentration of HNO3 was <0.3 molL−1. To have accuracy better
than 10%, solution fed into mass spectrometry should be with concentration of HNO3 ≥0.3 molL−1.
Range of concentration of major element without matrix-effected signal suppression was examined
by analyses of a series of reference solutions ME and TE that varied in concentrations of NaCl from
0 to 0.6 cgg−1 and from 0 to 2.0 cgg−1, respectively. Existence of matrix-effected signal suppression
was detected as deficit of ion signal relative to that without NaCl. The deficit as a function of
concentrations of NaCl is shown in Figure 2.3.The deficit of Fe was ≤10% when concentrations of
NaCl was ≤0.1 cgg−1. Those of Cu, Ga and Mn were ≤10% when concentrations of NaCl were
≤0.17 cgg−1, ≤0.22 cgg−1, and ≤0.24 cgg−1, respectively. The deficit of four elements increases
with increment of concentrations of NaCl and those were >25% when concentrations of NaCl were
0.6 cgg−1 (see Figure 2.3a). The deficit of U was≤10% when concentration of NaCl was≤0.2 cgg−1.
Those of Ce, Sr, and Li were ≤10% when concentrations of NaCl were ≤0.4 cgg−1, ≤0.53 cgg−1,
and≤0.7 cgg−1, respectively. The deficits of the four elements increase as increment of concentrations
of NaCl, and those become >50% when concentrations of NaCl were >2 cgg−1 (see Figure 2.3b).
Maximum concentrations of NaCl with matrix-effected signal suppression of ≤10% for elements
analyzed by ICP-SFMS and elements analyzed by ICP-QMS were ≤0.1 cgg−1 and ≤0.2 cgg−1,
respectively. Matrix-effected signal suppression is loss of ions during flight on mass spectrometer
because of a space-charge competition by abundant major ions (Olivares and Houk, 1986). Because of
double focusing, ion space-density is larger in ICP-SFMS than in ICP-QMS. We conclude that to have
accuracy better than 10%, solution fed into ICP-SFMS and ICP-QMS should be with concentrations
of NaCl ≤0.1 cgg−1 and ≤0.2 cgg−1, respectively.
To estimate abundance of Eu precisely, ΘBaO+/Ba+ was estimated from 151I/135I ratio, that
corresponds to I135BaO+ /I135Ba+ ratio, on analysis of the Ba solution (without Eu). The mean and
variation (1σ ) of ΘBaO+/Ba+ among eleven sessions were 2.48×10−3 and 4%, respectively. Reference
solutions X1 that varied in Ba/Eu ratio from 182 to 5×105 were analyzed to confirm accuracy that
defined as a deviation of Eu relative to that of reference solution X1 with Ba/Eu ratio 182. The
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deviation of Eu as a function of Ba/Eu ratio was shown in Figure 2.4. It was shown that when Ba/Eu
ratio was <5×104, Eu can be determined with uncertainty <10%.
2.3.2 Recovery yield on freeze-drying pre-concentration
Recovery yields on FDC were estimated by analyses of reference solutions X1 and X2 determined
with and without FDC. The recovery yields for 52 elements was 96.8−106% and shown in Table 2.3
and Figure 2.5.
The recovery yields of K, Al, Cu, Mo, Sb, Cd, V, Cd, Ce, and Eu by previous studies (Lieser et al.,
1977; Hall and Godinho, 1980; Grotti et al., 2008) are either lower or higher than ideal collection.
Recovery yields by Lieser et al. (1977), Hall and Godinho (1980), and Grotti et al. (2008) are 86%,
89%, 130%, 155%, 121%, and 136% for Mo, Sb, K, Cd, Ce, and Eu, 90%, 109% and 114% for Cd, Al,
and Cu, and 81% and 112% for V and Co, respectively. Lower or higher recovery yields were probably
due to incomplete collection of elements during sample transfer after FDC or due to contamination
from impurity of quartz tubes on non-destructive neutron activation (Lieser and Neitzert, 1976; Lieser
et al., 1977) and flasks (Hall and Godinho, 1980). The recovery yields of those elements (K, Al, Cu,
Mo, Sb, Cd, V, Ce, and Eu) on this study were 100−104%, which demonstrate that elements were
completely collected and contamination from apparatus was not significant. Using the new FDC-ID-IS
method, isotope composition of elements in solutions could be determined without fractionation.
2.3.3 Detection limit and blank
Detection limit is defined as variation (3σ ) of mean ion signals of 10 acquisitions of 0.5 molL−1
HNO3 and 0.5 molL−1 HF, and typically expressed in unit of counts per second. Using atomic yield,
isotope ratio, and C, the detection limit was converted into a sample detection-limit that corresponds
to a minimum concentration of sample solution. As C gets larger, the sample detection-limit becomes
smaller. The sample detection-limits by C=50 were shown in Table 2.4. The sample detection-limits
were ≤10 pgg−1, 100 pgg−1, 89 pgg−1, and 16 pgg−1 for 49 elements, Na, K, and Ca, respectively.
Since abundances of Na, K, and Ca of natural waters such as river water SLRS5 are at fgg−1
level, sample detection-limits of these elements are about 6 orders of magnitudes smaller than their
abundances in the sample. Therefore, relative large sample detection-limits of Na, K, and Ca are small
enough to determine their abundances in the sample. By FDC-ID-IS method, element abundances
down to fgg−1 level can be determined.
Blank is defined as quantity of elements coming from reagents, spiked solutions, containers, and
environments. To determine blank, two empty PP bottles (125 ml) were prepared for groups I and II
elements, and chain of operations were conducted including FDC operation as if with sample solution.
Estimated blanks were shown Table 2.4. The blanks were ≤10 pg, 10 pg−1 ng, and >1 ng for 32,
9, and 11 elements, respectively. Those of the 11 elements Na, Mg, Al, P, Ca, Mn, Fe, Co, Ni, Cu,
and Zn were 1.6, 10, 12, 34, 14, 13, 7.5, 1.2, 1.4, 1.4 and 6.9 ng, respectively and, those were from
impurity of HClO4, mannitol solution, and Al solution. When the relative contribution of blank to the
sample was ≥1%, a blank correction was applied. When the relative contribution of the blank was
>50%, the acquisition was not considered.
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2.3.4 Analytical precision
The reference river water SLRS5 were analyzed without FDC. It was also analyzed with FDC (C=50),
although on acquisitions Ic, Id and IIb, sample solutions were diluted to C≤ 1 to avoid matrix-effected
signal suppression. Analytical precision was calculated by a standard deviation of quadruplicate
analyses. The results are shown in Table 2.5.
Analytical precisions of analyses without FDC were ≤10% and >10% for 41 and 9 elements,
respectively. Those for 9 elements Ga, Zr, Nb, Cd, In, Sn, Eu, Lu, and Hf were 15, 29, 27, 22, 20, 37,
13, 22, and 35%, respectively, and were dominated by sample detection-limits relative to the element
abundances (19, 24, 129, 8, 23, 87, 12, 15, and 262%). Analytical precisions of analyses with FDC
were ≤10% and 21% for 51 elements and Sn, respectively. That for Sn was relatively large because
of significant contribution of blank (35%). Analytical precisions of analyses with FDC relative to
those without FDC were 1.5−72 times better for 34 trace elements (determined by acquisitions Ia, Ib,
and IIa) except for U, and 0.6−3.5 times better for 16 major- and transition-elements (determined by
acquisitions Ic and Id, and IIb).
Abundances of elements of SLRS5 using ICP-MS determined without FDC were compiled by
Yeghicheyan et al. (2013). Notes that the data by Yeghicheyan et al. (2013) is consistent with those
of certified values that are also shown in Table 2.5. For direct comparison, element abundances
determined using ICP-QMS by SARM (for Li, Be, Rb, Sr, Y, Mo, Cd, Sb, Cs, Ba, REE, Tl, Pb,
Bi, Th, and U), using ICP-SFMS by LEGOS (for B, Na, Mg, Al, P, K, Ca, Ti, V, Mn, Fe, Co, Ni,
Cu, Zn, and Nb), using ICP-SFMS by LGE-LISA (for Sc and Sn), using ICP-QMS by Geoscience
Montpellier (for Zr), and using ICP-QMS by EPOC (for Ga), were selected from Yeghicheyan
et al. (2013) and shown on Table 2.5. Abbreviations of SARM, LEGOS, LGE-LISA, and EPOC
denote as the Service d’Analyse des Roches et des Mineraux of Nancy, the Laboratoire d’Etudes en
Geeophysique et Oceanographie Spatiales of Toulouse, the Laboratoire de Geochimie des Eaux of
Paris and the Laboratoire Interuniversitaire des Systemes Atmospheriques of Paris, and the Laboratoire
d’Environnements et Paleoenvironnements Oceaniques et Continentaux of Bordeaux, respectively.
Analytical precisions of analyses with FDC on this study relative to those values from Yeghicheyan
et al. (2013) were 1.7−31 times better for 32 trace elements, except for Sn, and 0.3−4 times better for
16 major- and transition-elements.
Analytical precisions of analyses with FDC on this study were better than those without FDC
(this study; Yeghicheyan et al., 2013) for trace elements because of improvement in counting
statistics resulted from significant increment in ion signal. For major- and transition-elements,
analytical precisions of analyses with FDC on this study were similar to those without FDC (this
study; Yeghicheyan et al., 2013) because the pre-concentrated solutions were diluted to avoid the
matrix effect. I have demonstrated ideal recovery yields, detection limits down to sub-pgg−1, blanks,
no hydrolysis, no matrix-effect signal suppression, Mo- and Ba-oxides correction, and reproducibility,
and infer abundances of 52 elements of the river water SLRS5 determined by this study is the most
precise ones.
In order to evaluate the analytical results using the reference river water SLRS5, the analyses of
without FDC (this study; Yeghicheyan et al., 2013) were compared with those with FDC, and shown
in Figure 2.6b. Analyses without FDC (this study; Yeghicheyan et al., 2013) for all elements but 3
elements (P, Ga, and Sn) were consistent within 10% or over-wrapped with analytical precisions. Those
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for P, Ga, and Sn were off by 40%,≤10%, and≤10% for this study, and off by 13%, 68%, and 43% for
Yeghicheyan et al. (2013). The relatively large deviation for P was due to difficulty in wet chemistry
measurement and its low ionization efficiency (Makishima and Nakamura, 2006). The relatively
large deviation of Ga by Yeghicheyan et al. (2013) was probably resulted from interferences of sulfur
because of lack of sufficient mass resolution on mass spectrometry (May and Wiedmeyer, 1998).
Abundances of Sn determined by analyses with or without FDC by this study are consistent but they
are inconsistent with Yeghicheyan et al. (2013). Abundance of Sn determined with FDC is consistent
with that without FDC, suggesting that the blank is properly correct in this study. Since abundance of
Sn is reported by only one laboratory in Yeghicheyan et al. (2013), the inconsistency of Sn should
further be evaluated We also compared of the values by FDC-ID-IS relative to those complied from
10 laboratories by Yeghicheyan et al. (2013), using schemes of measurement comparison (13528,
2005), and the values of all elements are consistent with considering uncertainty, except for P and Sn.
I also note that the En scores defined by Equation 7 in Yeghicheyan et al. (2013) of this study with
FDC-ID-IS relative to the compiled values from 10 laboratories by Yeghicheyan et al. (2013) for all
elements but P and Sn are less than 1.
Abundances of REE of the reference river water SLRS5 determined by the FDC-ID-IS, Yeghicheyan
et al. (2013), and Heimburger et al. (2013) were normalized (n) by those of CI chondrite (Anders
and Grevesse, 1989) and shown in Figure 2.7. The patterns show LREE enrichment ([La/Lu]n=13) with
negative anomalies of Ce (Ce/Ce∗=Cen/[Lan×Prn]0.5=0.60) and Eu (Eu/Eu∗=Eun/[Smn×Gdn]0.5=0.63),
and they are identical when analytical precisions are considered. Abundances of heavy REE (HREE)
determined by Heimburger et al. (2013) tend to be lower (3-19%) than those by this study and by
Yeghicheyan et al. (2013), although the difference has small impact on geochemical discussion for
natural waters.
2.3.5 Reliability
To demonstrate capability and applicability of FDC-ID-IS method, commercially available drinking
waters filled in PET bottles taken from seven geological setting were analyzed as examples of natural
water analyses. They are from foothills of Holocene young basaltic volcanoes (Mt. Fuji, Shizuoka
prefecture, Japan and Volvic, Auvergne-Rhone-Alpes, France), foothills of young andesite-dacite
volcano (Mt. Daisen, Tottori prefecture, Japan), terrains of Tertiary granitic rock (Akaishi Mountains,
Yamanashi prefecture, Japan), Permian meta-sedimentary rock (Nishiki, Yamaguchi prefecture, Japan),
terrains of late Cretaceous granitic rocks (Rokko, Kobe prefecture, Japan), and foothills of late Miocene
to Holocene andesite (Hita, Oita prefecture, Japan). The drinking waters were pre-concentrated by
reducing the weight of drinking waters from ∼125 g to ∼0.7 g, resulting into pre-concentration factor
C∼180. Elements determined by acquisitions Ia (Li, Be, Rb, Sr, Y, Cs, Ba, REE, Pb, Th, and U),
Ib (Cd, In, Tl, and Bi), and IIa (B, Zr, Nb, Mo, Sn, Sb, Hf, and Ta) were determined with C∼180,
while elements determined by acquisitions Ic (Na, Mg, Al, P, Ca, V, Mn, Fe, Co, and Sr), and Id
(K, Sc, Ni, Cu, Zn, Ga, and Sr), and IIb (Ti) were determined with C<1 after re-dilution to avoid
matrix-effected signal suppression. The analyses of seven drinking waters were duplicated, and their
element abundances were shown in Table 2.6.
To evaluate reliability on acquisitions by FDC-ID-IS for unknown-water samples by FDC-ID-IS,
relative differences among duplicated acquisitions are plotted as a function of abundances of 52
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elements, and shown in Figure 2.8. Among 364 acquisitions, 78%, 12%, and 10% of total acquisitions
are with relative differences of <10%, 10−20%, and >20%, respectively. Among acquisitions
with relative differences >10%, 50 elements corresponding to 14% of total acquisitions are with
concentrations of ≤pgg−1 level. The difference may be caused by over-spiking and low intensity
signals with accidental noise during acquisitions. In addition, tiny suspended particles (such as colloid,
clays, and zircons which are enriched in specific elements) could have passed through membrane filter
during filtration of natural waters (Sholkovitz, 1992; Elderfield et al., 1990; Nozaki et al., 2000). If this
is the case addition of small amounts of acid such as HNO3 and HF to the mother PET bottle before
taking aliquots for FDC will dissolve the tiny particles to make solution homogeneous, resulting in
highly reproducible analyses. It is noteworthy that 80% of the duplicate analyses are <10% deviation
among duplicates irrespective of elements and concentrations, which range from several tens of µgg−1
down to fgg−1 level indicating that the FDC-ID-IS method is a powerful tool for the comprehensive
trace element analyses of fluids with extremely low element abundances.
Abundances of major elements (Na, Mg, K and Ca) are consistent with those on the labels (see
Tables 2.6 and 2.6). Labels for waters from Mt. Daisen and Akaishi Mountains infer that abundances
of major elements on them are with variations of ±50% and our data are included in the range.
Such large variations are probably resulted from weather (rainy and dry seasons), time, and space of
collection. The results also suggest that determination of abundances of major elements are accurate
enough even though the water samples were diluted to C<1 after pre-concentration of C∼180.
Element abundances of waters range by nine orders of magnitudes from fgg−1 (e.g., REE) to
µgg−1 level (e.g., Na). Abundances of 52 elements were normalized to those of upper continental
crust as function of solubility of elements estimated from partition coefficient between seawater and
upper-crust (Taylor and McLennan, 1985; Rudnick and Gao, 2003; Li et al., 2011), and shown in
Figure 2.9. Element patterns tend to show negative slopes (Nan/Fen = 7.2×103−434×103) with
positive and negative spikes of Mo, Sb, P, V, Sn, In, Be, Co, and Ga, and Cd, Eu, Pb, La, Ce, Th, and
Fe, respectively. Depending on the samples, elements such as Be, Sc, Ti, Zn, Ga, Hf, and Ta are below
sample detection limit even being C∼180. If further pre-concentration with FDC until exceeding
the detection limits and blank corrections being properly carried out, these extremely low element
abundances must be able to be determined.
Abundances of REE of drinking waters were normalized to those of CI chondrite (Anders and
Grevesse, 1989) and shown together with the reference river water SLRS5 in Figure 2.10. Compared
with the reference river water SLRS5, LREE such as La and Ce are low by two to four order of
magnitude. The element abundances of LREE are down to 0.012 pgg−1 in the drinking waters and
HREE are variable within two order of magnitude as 0.00886 to 6.66 pgg−1. REE patterns in Figure
2.10 are smooth with variable negative spikes of Ce and Eu, and positive spike of Gd, indicating
the analyses were properly carried out for the samples with various matrixes and extremely low
element abundances. The slope (La/Lu)n and the negative spikes of Ce and Eu (Ce/Ce∗, and Eu/Eu∗)
range from 0.001 to 4.7, from 0.02 to 0.6, and from 0.2 to 0.9, respectively, reflecting ground water
processes such as permeability, residence time, redox and chemical properties of host rocks. The
waters from Rokko and Hita show the positve spike of Gd (Gd/Gd∗=Gdn/[Tbn2/3×Dyn1/3] = 2.2 and
3.4, respectively) is possiblly contaminated from anthropogenic source where Gd is composed in
derivatives of the gadopentetic acid for magnetic resonance imaging agents (Knappe et al., 2005;
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Lawrence, 2010; Kulaksız and Bau, 2011; Campos and Enzweiler, 2016).
Recently, Bulia and Enzweiler (2018) determined REE abundances and drinking waters from
Sa˜o Paulo state, Brazil with concentrations ranging from pgg−1 down to fgg−1 level. They pre-
concentrated the water sample by C=100 using solid phase extraction with bis-(2-ethyl-hexyl)-
phosphate. However, abundance of Gd is not quantitatively determined by the bis-(2-ethyl-hexyl)-
phosphate because the Gd chelates dissociated slowly in acid media to produce the free ion during
extraction (Campos and Enzweiler, 2016). The blanks in Bulia and Enzweiler (2018) range from
2 pg (Tm) to 189 pg (Ce), which are ten to hundred times higher than those in this study using FDC.
As a consequence, Bulia and Enzweiler (2018) overestimated abundances of HREE such as Er, Tm,
Yb, and Lu of SLRS5 by 16, 126, 27, 24%. I infer that the FDC-ID-IS method is the only technique
to determine trace element abundance comprehensively and precisely on fluids with extremely low
element abundances. Geological and isotopic characteristics combined with fluid properties (e.g., pH,
Eh, and temperature) and FDC-ID-IS method that can determined the element abundance down to
fgg−1 level of water will help understanding origin and evolution of aqueous systems.
2.4 SUMMARY
A FDC-ID-IS method that is a combination of freeze-drying concentration (FDC) and isotope
dilution internal standardization (ID-IS) was developed to determine abundances of 52 elements
of natural water with concentrations down to fgg−1 level. To minimize overestimation of element
abundances resulted from interferences, high-mass-resolution technique (M/∆M = 4000 or 10000) and
oxide-correction techniques were applied. Hydrolysis of Th was avoided by dissolution of sample
in 0.5 molL−1 HNO3, and matrix-effected signal suppression was avoided by dilution of the sample
solution to NaCl of ≤0.2 cgg−1 and ≤0.1 cgg−1 for ICP-QMS and ICP-SFMS, respectively.
The 100–125 ml of sample solution was reduced to 0.7–2.0 g through freeze drying. Consequently,
concentrated sample solution with C=50−180 was fed into mass spectrometry. The recovery yields of
52 elements on FDC were 96.8–106%, which demonstrate that elements were fully collected without
significant contamination. Detection limits in a sample solution with FDC were ≤10 pgg−1, except
100 pgg−1 for Na, 89.0 pgg−1 for K, and 15.6 pgg−1 for Ca, respectively. Blanks with FDC were
in pg-level, except for 11 elements to be ng-level (Na, Mg, Al, P, Ca, Mn, Fe, Co, Ni, Cu, and Zn).
Compared with other pre-concentration techniques for determination of REE in drinking waters (e.g.,
solid phase extraction by Bulia and Enzweiler, 2018), blanks by FDC-ID-IS are ten to hundred times
smaller.
Analytical precisions on determination of element abundances of river water SLRS5 with FDC
were ≤10% and 21% for 51 elements and Sn, respectively. Analytical precisions of analyses with
FDC relative to those without FDC by Yeghicheyan et al. (2013) were 1.7−31 times better for 32 trace
elements except for Sn, and consistent for 16 major- and transition-elements. By FD-ID-IS method,
we determined abundances of 52 elements of drinking waters from seven geological sources that range
in concentrations by nine order of magnitudes from fgg−1 up to µgg−1 level. The duplicated analyses
are with relative differences of <10%, 10−20%, and >20% for 78%, 12%, and 10% of total 364
acquisitions. Major-element abundances inferred on the labels are consistent with those determined
by this study. The CI-normalized REE patterns are smooth and with variable negative spikes of Ce
and Eu suggesting that the analyses are properly conducted for the samples with various matrices
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and extremely low element abundances. These results infer that the FDC-ID-IS method is the only
technique to determine extremely low trace-element abundances accurately and precisely for natural
waters.
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Table 2.1: Analytical condition by ICP-QMS
parameter remark
instrument Agilent 7500cs ICP-QMS
plasma power 1.6 kW
torch Quartz glass torch with a Pt injector
plasma Ar gas rate 15 lmin−1
auxiliary Ar gas rate 0.9 lmin−1
nebulizer Ar gas rate 0.87 lmin−1
make-up Ar gas flow rate 0.34 lmin−1
nebulizer micro-flow PFA-20 nebulizer,
PFA-20 (ESI, USA), self-aspiration
spray chamber Scott double-pass, cooled at 275 K,
made of Teflon
sampling orifice 1 mm (made of Pt)
skimmer orifice 0.4 mm (made of Pt)
typical sensitivity 15 Mcps/µgml−1 for 88Sr
oxide formation rate <1% (CeO+/Ce+)
integration time per 1 sec
86Sr+, 88Sr+ 0.2 ms
89Y+ 0.3 ms
137Ba+ 1 ms
91Zr+, 139La+, 140Ce+, 141Pr+, 2 ms
85Rb+, 146Nd+, 163Dy+ 10 ms
151Eu+, 157Gd+ 12 ms
159Tb+ 14 ms
7Li+, 93Nb+, 93Nb+, 147Sm+, 149Sm+, 165Ho+ 20 ms
167Er+, 169Tm+, 172Yb+, 175Lu+, 232Th+ 20 ms
97Mo+, 111Cd+, 115In+, 119Sn+, 121Sb+, 30 ms
147Cs+, 208Pb+ 30 ms
9Be+, 197Hf+, 182W+ 40 ms
11B+, 205Tl+, 209Bi+, 238U+ 50 ms
181Ta+ 130 ms
background correction measured before each sample,
after a 200 s wash
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Table 2.2: Analytical condition by ICP-SFMS
parameter remark
instrument ELEMENT XR (Thermo Scientific)
plasma power 1.2 kW
torch quartz glass with sapphire injector
plasma Ar gas rate 16 lmin−1
auxiliary Ar gas rate 0.9 lmin−1
nebulizer Ar gas rate 0.8 lmin−1
nebulizer micro-flow PFA-50,
self-aspiration (ESI, USA)
spray chamber PFA spray chamber with peltier-cooling
sampling orifice 1 mm (made of Ni)
skimmer orifice 0.8 mm (made of Ni)
oxide formation rate <1% (CeO+/Ce+)
mass resolution power M/∆M
Na†, Mg†, Al, P, Ti†, Ca, V, 4000
Mn, Fe, Co†, Sr† 4000
K†, Sc, Mn, Ni, Cu, Zn, Ga, Sr 10000
integration time per 1 sec
42Ca+ 29 ms
23Na+, 25Mg+, 57Fe+, 88Sr+ 57 ms
45Sc+, 55Mn+, 60Ni+, 63Cu+, 66Zn+, 69Ga+, 88Sr+ 91 ms
27Al+, 31P+, 51V+, 55Mn+, 59Co+ 143 ms
49Ti+, 93Nb+ 222 ms
39K+ 364 ms
47Ti+ 556 ms
background correction measured before each sample,
after a 400 s wash
determined by counting mode but analog mode†
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Table 2.3: Recovery yields Ω on FDC estimated by element abundances (ngg−1)
of reference solutions X1 and X2 determined with and without FDC (n=4).
Ω% with FDC without FDC
X1 Li 100 ± 2.4 6.99 ± 0.12 6.96± 0.12
Be 97.8± 2.2 0.602 ± 0.01 0.616± 0.01
Na 101 ± 4.6 20314 ± 614 20103± 694
Mg 101 ± 4.7 31216 ± 715 30870± 1264
Al 101 ± 3.6 91704 ± 1869 91233± 2751
P 96.8± 3.9 1361 ± 25 1406± 48
K 100 ± 6.0 6455 ± 376 6425± 77
Ca 101 ± 2.9 67777 ± 973 66915± 1660
Sc 101± 2.3 31.9 ± 0.6 31.5± 0.4
V 104 ± 3.6 407± 4 390± 13.6
Mn 99.0 ± 3.8 1265 ± 39 1278± 29
Fe 100± 1.1 80334 ± 617 80150± 628
Co 101± 1.1 33.2 ± 0.2 32.8± 0.3
Ni 103 ± 4.3 36.1 ± 1.4 35.2± 0.7
Cu 103 ± 5.5 183± 9.9 178± 1.5
Zn 105 ± 1.9 104± 1.6 99± 1.2
Ga 102 ± 5.8 19.0 ± 1.1 18.6± 0.2
Rb 100 ± 1.1 13.4 ± 0.1 13.4± 0.1
Sr 101 ± 1.2 398± 2.9 394± 3.6
Y 100 ± 2.1 22.2 ± 0.4 22.2± 0.3
Cd 102 ± 6.4 0.113 ± 0.006 0.110± 0.004
In 99.3 ± 1.4 0.0593 ± 0.0003 0.0597± 0.0007
Cs 100 ± 1.6 0.881 ± 0.01 0.884± 0.01
Ba 100 ± 1.0 227± 1.0 227± 2.1
La 99.0± 1.1 7.66 ± 0.07 7.74± 0.04
Ce 101 ± 1.4 19.8 ± 0.2 19.7± 0.2
Pr 102 ± 2.3 2.98 ± 0.06 2.93± 0.04
Nd 100 ± 1.4 15.0 ± 0.2 14.9± 0.1
Sm 100 ± 2.5 3.96 ± 0.06 3.97± 0.08
Eu 101 ± 1.9 1.24 ± 0.02 1.22± 0.01
Gd 100 ± 1.5 4.50 ± 0.06 4.49± 0.04
Tb 101 ± 2.1 0.708 ± 0.012 0.702± 0.008
Dy 98.6± 2.9 4.43 ± 0.11 4.49± 0.07
Ho 101 ± 1.1 0.908 ± 0.008 0.902± 0.01
Er 100 ± 1.9 2.56 ± 0.04 2.57± 0.02
Tm 101 ± 1.8 0.358 ± 0.006 0.356± 0.002
Yb 100 ± 1.4 2.38 ± 0.03 2.37± 0.02
Lu 102 ± 2.5 0.361 ± 0.003 0.353± 0.008
Tl 100 ± 1.7 0.0460 ± 0.000 0.0459± 0.0007
Pb 101 ± 2.0 4.58 ± 0.07 4.53± 0.05
Bi 105 ± 3.1 0.0151 ± 0.0003 0.0143± 0.0003
Th 101 ± 2.1 1.24 ± 0.02 1.22± 0.01
U 103 ± 1.3 0.462 ± 0.004 0.449± 0.004
X2 B 99.5± 2.4 19.9 ± 0.5 20.2± 0.1
Ti 102± 3.1 8017± 247 7829± 49
Zr 99.4± 3.4 81.9 ± 2.8 82.3± 0.2
Nb 100 ± 3.5 1.81 ± 0.06 1.82± 0.01
Mo 102 ± 3.9 1.12 ± 0.04 1.09± 0.02
Sn 96.9± 15 1.08 ± 0.16 1.11± 0.01
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Table 2.3: Continued
Ω% with FDC without FDC
Sb 101 ± 6.7 0.118 ± 0.0 0.117± 0.004
Hf 100 ± 3.2 2.59 ± 0.1 2.59± 0.01
Ta 98.4 ± 3.5 0.110 ± 0.004 0.112± 0.0003
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Table 2.4: Sample detection-limit by C=50 and blank of FDC-ID-IS method
sample detection-limit[pgg
−1] blank[pg]
Li 0.303 39.6
Be 0.0899 <0.0899
B 0.251 4700
Na 100 1600
Mg 2.72 10000
Al 6.02 12000
P 0.979 34000
K 89.0 <89.0
Ca 15.6 14000
Sc 0.0603 10.9
Ti 1.47 <1.47
V 0.0944 <0.0944
Mn 0.0345 13000
Fe 0.520 7500
Co 0.0308 1200
Ni 0.0541 1400
Cu 0.145 1400
Zn 0.227 6900
Ga 0.0534 5.05
Rb 0.0581 1.91
Sr 0.133 46.2
Y 0.0214 3.02
Zr 0.169 226
Nb 0.0952 1.46
Mo 0.719 70.5
Cd 0.0103 <0.0103
In 0.000937 0.0890
Sn 0.151 306
Sb 0.0528 9.16
Cs 0.0407 1.15
Ba 0.271 51.8
La 0.0177 <0.0177
Ce 0.0174 2.76
Pr 0.0232 2.14
Nd 0.0318 <0.0318
Sm 0.0402 1.11
Eu 0.0161 <0.0161
Gd 0.0455 <0.0455
Tb 0.00748 <0.00748
Dy 0.0274 0.628
Ho 0.00580 <0.00580
Er 0.0256 0.675
Tm 0.00783 <0.00783
Yb 0.0257 <0.0275
Lu 0.00492 <0.00492
Hf 0.0587 0.643
Ta 0.00430 0.601
Tl 0.00160 <0.00160
Pb 0.0168 9.13
Bi 0.00184 0.871
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Table 2.4: Continued
sample detection-limit[pgg
−1] blank[pg]
Th 0.0103 <0.0103
U 0.00608 0.977
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Table 2.5: Element abundances of river water SLRS5 determined by analyses
with and without FDC (this study, n=4), and those determined using ICP-MS
without FDC (Yeghicheyan et al., 2013), together with certified values. A standard
deviation of analyses by this study, that by Yeghicheyan et al. (2013), and that by
certified values are also shown.
with FDC without FDC Yeghicheyan et al. (2013) certified values‡
Lipgg
−1
499 ± 7.5 (1.5%) 503 ± 24 (4.9%) 460 ± 60 (14%)SA −
Bepgg
−1
4.42 ± 0.13 (2.9%) <4.50 4.6 ± 0.8 (17%)SA 5.00
Bngg
−1
6.84 ± 0.04 (0.6%) 7.08 ± 0.27 (3.8%) 6.69 ± 0.41 (6.0%)LE −
Naµgg
−1
5.58 ± 0.15 (2.6%)† 5.49 ± 0.16 (2.9%) 5.46 ± 0.52 (10%)LE 5.38 ± 0.05 (0.9%)
Mgµgg
−1
2.58 ± 0.03 (1.1%)† 2.73 ± 0.07 (2.4%) 2.47 ± 0.2 (8.0%)LE 2.54 ± 0.08 (3.1%)
Alngg
−1
53.2 ± 1.2 (2.3%)† 52.2 ± 1.2 (2.3%) 48.7 ± 3.3 (7.0%)LE 49.5 ± 2.5 (5.1%)
Pngg
−1
25.5 ± 1.9 (7.6%)† 35.7 ± 2.2 (6.2%) 8.2 ± 0.9 (11%)LE −
Kµgg
−1
0.885 ± 0.021 (2.4%)† 0.926 ± 0.044 (4.8%) 0.777 ± 0.024 (3.0%)LE 0.839 ± 0.018 (2.1%)
Caµgg
−1
10.9 ± 0.24 (2.2%)† 10.8 ± 0.25 (2.3%) 10.4 ± 0.48 (5.0%)LE 10.5 ± 0.2 (1.9%)
Scngg
−1
0.00845 ± 0.0005 (5.8%)† 0.00868 ± 0.001 (8.2%) 0.008 ± 0.001 (8.0%)LG −
Tingg
−1
1.84 ± 0.06 (3.2%)† 1.86 ± 0.17 (9.1%) 1.78 ± 0.23 (13%)LE −
Vngg
−1
0.331 ± 0.008 (2.4%)† 0.337 ± 0.01 (2.3%) 0.315 ± 0.021 (7.0%)LE 0.317 ± 0.0165 (5.2%)
Mnngg
−1
4.52 ± 0.15 (3.3%)† 4.80 ± 0.103 (2.0%) 4.19 ± 0.17 (4.0%)LE 4.33 ± 0.09 (2.1%)
Fengg
−1
96.0 ± 1.9 (1.9%)† 104 ± 2.6 (2.5%) 90.7 ± 1.9 (2.0%)LE 91.2 ± 2.9 (3.2%)
Congg
−1
0.0555 ± 0.0017 (3.1%)† 0.0561 ± 0.001 (2.0%) 0.052 ± 0.002 (3.0%)LE 0.0500
Ningg
−1
0.526 ± 0.015 (2.9%)† 0.598 ± 0.06 (10%) 0.482 ± 0.024 (5.0%)LE 0.476 ± 0.032 (6.7%)
Cungg
−1
18.7 ± 0.3 (1.4%)† 21.1 ± 1.0 (4.5%) 17.2 ± 0.6 (4.0%)LE 17.4 ± 0.65 (3.7%)
Znngg
−1
0.959 ± 0.07 (6.9%)† 0.968 ± 0.063 (6.6%) 0.955 ± 0.024 (2.0%)LE 0.845 ± 0.05 (5.9%)
Gangg
−1
0.0123 ± 0.001 (8.0%)† 0.0124 ± 0.002 (15%) 0.015 ± 0.001 (9.0%)EP −
Rbngg
−1
1.25 ± 0.007 (0.5%) 1.26 ± 0.031 (2.5%) 1.28 ± 0.03 (2.0%)SA −
Srngg
−1
54.6 ± 0.6 (1.1%) 56.6 ± 1.4 (2.4%) 54.2 ± 2.5 (5.0%)SA 53.6 ± 0.65 (1.2%)
Ypgg
−1
107 ± 2.6 (2.4%) 101 ± 3.5 (3.5%) 114 ± 5 (4.0%)SA −
Zrpgg
−1
35.7 ± 1.7 (4.7%) 39.8 ± 12 (29%) 32 ± 2 (7.3%)GE −
Nbpgg
−1
3.70 ± 0.10 (2.6%) 4.89 ± 1.3 (27%) 3.6 ± 0.4 (11%)LE −
Mopgg
−1
227 ± 4 (1.9%) 230 ± 13 (5.6%) 220 ± 10 (7.0%)SA 270 ± 20 (7.4%)
Cdpgg
−1
6.43 ± 0.26 (4.0%) 7.88 ± 1.21 (15%) 7.8 ± 1 (13%)SA 6.00 ± 0.50 (8.3%)
Inpgg
−1
0.202 ± 0.002 (0.9%) 0.237 ± 0.048 (20%) − −
Snpgg
−1
8.70 ± 1.80 (21%) 9.94 ± 3.68 (37%) 5.0 ± 0.4 (8.0%)LG −
Sbpgg
−1
331 ± 3.3 (1.0%) 324 ± 15 (4.8%) 310 ± 10 (3.0%)SA 300
Cspgg
−1
4.37 ± 0.02 (0.5%) 4.01 ± 0.24 (5.9%) 4.5 ± 0.4 (9.0%)SA −
Bangg
−1
15.1 ± 0.15 (1.0%) 15.3 ± 0.3 (2.0%) 14.8 ± 0.4 (3.0%)SA 14.0 ± 0.25 (1.8%)
Lapgg
−1
206 ± 2.5 (1.2%) 208 ± 5.7 (2.7%) 209.6 ± 13 (6.0%)SA −
Cepgg
−1
258 ± 2.4 (0.9%) 255 ± 5.9 (2.3%) 266 ± 8.4 (3.0%)SA −
Prpgg
−1
51.0 ± 0.7 (1.1%) 49.7 ± 1.8 (3.5%) 51.2 ± 1.6 (3.0%)SA −
Ndpgg
−1
204 ± 1.7 (0.2%) 202 ± 4.2 (2.1%) 197 ± 16 (8.0%)SA −
Smpgg
−1
34.1 ± 0.4 (0.7%) 34.1 ± 2.9 (8.6%) 35.4 ± 1.7 (5.0%)SA −
Eupgg
−1
6.57 ± 0.03 (0.9%) 6.82 ± 0.87 (13%) 6.11 ± 0.43 (6.0%)SA −
Gdpgg
−1
29.7 ± 0.7 (1.2%) 28.0 ± 2.4 (8.6%) 26.9 ± 1.3 (4.0%)SA −
Tbpgg
−1
3.55 ± 0.02 (0.9%) 3.61 ± 0.26 (7.3%) 3.29 ± 0.27 (8.0%)SA −
Dypgg
−1
19.6 ± 0.3 (0.3%) 20.8 ± 0.8 (4.0%) 19.7 ± 0.8 (4.0%)SA −
Hopgg
−1
3.89 ± 0.01 (1.3%) 3.85 ± 0.21 (5.3%) 3.77 ± 0.33 (9.0%)SA −
Erpgg
−1
10.8 ± 0.2 (1.0%) 11.3 ± 1.08 (9.6%) 11.2 ± 0.7 (6.0%)SA −
Tmpgg
−1
1.51 ± 0.03 (1.2%) 1.41 ± 0.1 (9.0%) 1.58 ± 0.24 (16%)SA −
Ybpgg
−1
10.2 ± 0.2 (2.0%) 10.9 ± 1.0 (9.3%) 10.6 ± 0.6 (6.0%)SA −
Lupgg
−1
1.65 ± 0.03 (1.9%) 1.67 ± 0.37 (22%) 1.75 ± 0.28 (17%)SA −
Hfpgg
−1
1.12 ± 0.1 (6.2%) 1.05 ± 0.36 (35%) − −
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Table 2.5: Continued
with FDC without FDC Yeghicheyan et al. (2013) certified values‡
Tapgg
−1
0.0620 ± 0.005 (8.5%) <0.215 − −
Tlpgg
−1
3.16 ± 0.05 (1.7%) 3.54 ± 0.26 (7.3%) 3.9 ± 0.6 (15%)SA −
Pbpgg
−1
72.4 ± 0.9 (1.3%) 79.7 ± 3.0 (3.8%) 80 ± 8 (10%)SA 81.0 ± 3.0 (3.7%)
Bipgg
−1
1.10 ± 0.02 (2.2%) 1.17 ± 0.12 (10%) 0.9 ± 0.3 (35%)SA −
Thpgg
−1
14.6 ± 0.2 (1.6%) 14.3 ± 0.4 (3.1%) 14 ± 1 (9.0%)SA −
Upgg
−1
93.9 ± 1.1 (1.1%) 94.3 ± 0.9 (0.9%) 93.0 ± 4 (4.0%)SA 93.0 ± 3.0 (3.2%)
Element abundances with “†” and “−” were determined by C≤1 after rediluting from C=50 and not provided, respectively.
The certified values‡ are provided by National Research Council Canada, Canada. Note that the standard deviation of
analyses by the certified values is the standard deviation of reproducibility, which is estimated from an expanded uncertainty
with k=2 (Yeghicheyan et al., 2013). Element abundances determined using ICP-QMS by SARMSA, using ICP-SFMS by
LEGOSLE using ICP-SFMS by LGE-LISALG, using ICP-QMS by Geoscience MontpellierGE , and using ICP-QMS by
EPOCEP, were selected from Yeghicheyan et al. (2013) for direct comparison.
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Table 2.6: Abundances of 52 elements of drinking waters from seven geological
sources determined by FDC-ID-IS. Acquisitions were duplicated (n=2).
Nishiki, Volvic, Auvergne- Akaishi, Mt. Daisen, Mt. Fuji, Mt. Rokko, Hita,
Yamaguchia Rhone-Alpsb Yamanashia Tottoria Shizuokaa Hyogoa Oitaa
(C=177) (C=179) (C=192) (C=178) (C=169) (C=184) (C=180)
Lingg
−1
2.05 9.57 5.17 3.64 0.0675 3.63 12.2
Bepgg
−1
2.54 0.543 0.261 6.40 <0.0250 0.107 0.217
Bngg
−1
2.241 ≺4.70 30.41 0.8001 2.211 1.86 158
Naµgg
−1
7.75 13.3 9.17 7.31 10.9 33.6 29.6
Mgµgg
−1
1.22 9.26 2.27 2.29 6.81 5.84 1.51
Alngg
−1
1.23 0.5441 7.341 4.97 6.37 0.72 0.55
Pngg
−1
36.6 195 71.4 79.2 248 186 30.3
Kµgg
−1
1.70 7.12 2.38 3.77 1.63 1.01 10.1
Caµgg
−1
19.6 13.5 10.2 5.50 14.3 9.58 9.10
Scpgg
−1
0.637 0.7061 <0.0168 0.826 <0.0168 <0.0168 0.164
Tipgg
−1
<0.408 18.21 49.91 88.2 <0.408 <0.408 <0.408
Vngg
−1
0.510 6.16 3.13 2.09 103 1.12 10.7
Mnpgg
−1
73.8 26.21 48.31 33.4 <0.00959 858 309
Fepgg
−1
115 44.61 1230 1470 1201 ≺60.0 ≺60.0
Copgg
−1
10.7 10.4 7.93 2.92 6.22 3.11 ≺9.60
Nipgg
−1
58.0 56.1 56.2 30.1 15.5 153 0.702
Cupgg
−1
435 125 <0.402 38.8 208 30.5 1.67
Znpgg
−1
426 ≺55.2 1350 177 84.5 648 ≺55.2
Gapgg
−1
12.7 4.91 <0.0148 1.80 43.8 9.70 9.33
Rbngg
−1
3.04 6.11 0.120 15.4 2.19 0.0390 21.4
Srµgg
−1
0.129 0.0677 0.0387 0.0809 0.0373 0.0966 0.0631
Ypgg
−1
37.8 2.93 18.6 8.52 3.32 0.529 0.294
Zrpgg
−1
5.011 1.97 9.841 11.5 1.641 0.245 0.111
Nbpgg
−1
0.107 0.791 0.075 1.51 0.0724 0.0820 0.1054
Mongg
−1
1.84 0.450 1.43 0.123 0.415 0.149 0.952
Cdpgg
−1
1.51 0.362 2.01 0.646 0.350 1.05 0.0894
Inpgg
−1
0.0305 0.0341 0.0507 0.0129 0.00898 0.0105 0.303
Snpgg
−1
<0.0418 0.5291 19.4 16.51 36.3 <0.0407 45.8
Sbpgg
−1
0.325 1.29 0.181 0.299 0.0971 0.197 0.0483
Cspgg
−1
934 52.1 0.917 341 29.2 0.245 326
Bangg
−1
1.67 0.372 2.59 7.31 1.08 9.89 12.3
Lapgg
−1
1.72 0.719 0.0862 5.28 0.0929 0.185 0.0319
Cepgg
−1
0.0866 0.121 0.0585 2.98 0.0167 0.271 0.0247
Prpgg
−1
0.435 0.226 0.0184 0.926 0.0136 0.0385 0.0120
Ndpgg
−1
2.68 1.00 0.178 4.26 0.224 0.192 0.0536
Smpgg
−1
0.824 0.338 0.152 0.750 0.0989 0.0774 0.0783
Eupgg
−1
0.362 0.0713 0.0142 0.106 0.0416 <0.00409 <0.00409
Gdpgg
−1
1.80 0.347 0.371 0.924 0.196 0.171 0.094
Tbpgg
−1
0.334 0.045 0.117 0.124 0.0348 0.00886 0.0101
Dypgg
−1
3.06 0.277 1.78 0.786 0.204 0.0708 0.0317
Hopgg
−1
0.998 0.068 0.964 0.194 0.0836 0.0159 0.0124
Erpgg
−1
3.99 0.235 6.66 0.593 0.414 0.0496 0.0486
Tmpgg
−1
0.663 0.0412 1.85 0.0874 0.0865 0.00982 0.0126
Ybpgg
−1
5.00 0.316 22.6 0.605 0.795 0.0704 0.0977
Lupgg
−1
0.935 0.083 6.28 0.116 0.253 0.0191 0.0297
Hfpgg
−1
<0.0163 <0.0163 <0.0163 0.257 <0.0163 <0.0163 <0.0163
Tapgg
−1
<0.00120 0.0211 <0.00120 0.0651 <0.00120 <0.00120 <0.00120
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Table 2.6: Continued
Nishiki, Volvic, Auvergne- Akaishi, Mt. Daisen, Mt. Fuji, Mt. Rokko, Hita,
Yamaguchia Rhone-Alpsb Yamanashia Tottoria Shizuokaa Hyogoa Oitaa
(C=177) (C=179) (C=192) (C=178) (C=169) (C=184) (C=180)
Tlpgg
−1
20.9 0.444 0.204 2.52 0.579 0.0737 2.01
Pbpgg
−1
3.49 0.5011 0.153 1.07 0.0241 0.197 0.0685
Bipgg
−1
0.0118 0.0288 0.0226 0.0370 0.0347 0.0229 0.0261
Thpgg
−1
0.0745 0.0451 0.0299 0.934 0.01511 0.0201 0.0195
Upgg
−1
27.6 241 102 59.1 61.5 0.746 165
Element abundances with symbols “<”, “≺“, and “1“ were below sample detection limit, below blank, and available one
data (n=1), respectively. Samples of Mt. Fuji, Shizuoka, (Kirin Beverage Ltd.), Mt. Daisen, Tottori, (Suntory Holdings
Ltd.), Akaishi Mountains, Yamanashi, (Suntory Holdings Ltd.), and Nishiki, Yamaguchi (Nishiki Inc.), Rokko, Kobe (Asahi
Beverage Ltd.), Hita, Oita (Hita Tenryosui Water Ltd.) were from Japana, and those of Volvic, Auvergne-Rhone-Alpes,
(Kirin Beverage Ltd.) were from Franceb.
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Table 2.7: Abundances of major elements provided on labels of drinking waters from seven geological
sources. Unit is in µgg−1.
Nishiki, Volvic, Auvergne- Akaishi Mts, Mt. Daisen, Mt. Fuji, Rokko, Hita,
Yamaguchi Rhone-Aples Yamanashi Tottori Shizuoka Hyogo Oita
Na 7.40 11.6 4.0-10 4.0-10 7.9 10-48 22
Mg 1.30 8.0 1.0-3.0 1.0-3.0 6.5 1.1-11 1.9
K 1.20 6.20 1.0-5.0 2.0-6.0 1.4 0.2-1.8 8.4
Ca 16 11.5 0.6-15 2.0-7.0 13 2.0-17 9.6
See Table 2.6 for the information about locality and company of the drinking waters.
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Figure 2.1: Chain of operations under FDC-ID-IS method. Two batches of sample solution (river
water SLRS5 and drinking waters) were acidified to 0.05 mol l−1 HNO3 and freeze dried. Following
freeze drying, the sample was collected, digested, dried, and redissolved. Then solutions was mixed
with spike solutions and 6 acquisitions were conducted by ICP-MS.
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Figure 2.2: Ion signal as a function of concentration HNO3 from 0.1 to 1.0 mol l−1. and reference
solution TE. Ion signal is normalized to that obtained at HNO3 0.5 mol l−1. No hydrolysis of cation
was observed with concentration of HNO3 ≥0.3 mol l−1. Gray area corresponds to deviation ±10%.
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Figure 2.3: Matrix-effected signal suppression as a function of concentration of NaCl. Ion signal is normalized to that obtained at NaCl 0 cgg−1. A standard
deviation of duplicates is shown by error bar. The dot lines corresponds to NaCl concentration of river water SLRS5 with or without concentration. Gray area
corresponds to deviation ±10%. (a) Major- and transition-elements determined by ICP-SFMS. (b) Trace elements determined by ICP-QMS.
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Figure 2.4: Determination of Eu on a series of solutions that varied in Ba/Eu ratio from 182 to 5×105.
The abundance is normalized to that obtained at Ba/Eu ratio of 182. Gray area corresponds to deviation
±10%. Uncertainty of Eu abundance resulted from that of oxide-to-atomic-yield ∆ΘBaO/Ba of ±1%,
±5%, and±10% are shown by curves. Eu abundance is determined with accuracy <10% when Ba/Eu
ratio is <5×104.
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Figure 2.5: Recovery yield Ω of elements on freeze-drying pre-concentration. Gray area corresponds
to deviation ±10%
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Figure 2.6: Comparison of reproducibility and average on analyses of river water SLRS5 with and without FDC (this study) and without FDC (5 laboratories
using ICP-MS from Yeghicheyan et al., 2013, Table 2.5). (a) Reproducibility. Gray area corresponds to precision from 0 to +10%. (b) Difference in average.
The difference in average is defined as deviation of element abundances relative to that determined by analysis with FDC (this study). Data for P (∆=−68%;
Yeghicheyan et al., 2013) is located out of the plot. Gray area corresponds to deviation ±10%.
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Figure 2.7: Abundances and reproducibilities of REE determined and by FDC-ID-IS compared with those by Yeghicheyan et al. (2013), and Heimburger et al.
(2013). Element abundances are normalized by those of CI chondrite (Anders and Grevesse, 1989). Standard deviation (1σ ) and expanded uncertainty (U = kσR
with k = 1 that described in Yeghicheyan et al. 2013) are shown for FDC-ID-IS and Heimburger et al. (2013), and Yeghicheyan et al. (2013), respectively.
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Figure 2.8: Relative differences of duplicated analyses applied to seven geological sourced waters as a function of element abundances. Gray area and dote line
correspond to relative difference of 0−10% and 20%, respectively. The relative differences of >20% are often observed in the range of fgg−1, but also in the range
from pgg−1 to ngg−1 such as Zr, Co, Zn, and Fe. The observation implies that precision is not only controlled by signal intensity, but also by possible existence of
particles.
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Figure 2.9: Abundances of 52 elements of drinking waters from seven geological sources determined by FDC-ID-IS method. Element abundances were normalized
by those of upper crustal continents (Rudnick and Gao 2003) and aligned as a function of solubility of elements estimated from partition coefficient between
seawater and upper crust Taylor and McLennan (1985); Rudnick and Gao (2003); Li et al. (2011). The dot line indicates sample detection limit for (C∼180) and
arrows indicate that the element abundances were below detection limit.
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Figure 2.10: Abundances of REE of drinking waters from seven geological sources (n=2) and Ottawa river SLRS5 (n=4) determined by the FDC-ID-IS. Relative
difference of duplicates is shown by error bar. Analytical uncertainty of SLRS5 is within symbol. The dot line indicates sample detection limit (C∼180). Element
abundances were normalized by those of CI chondrite Anders and Grevesse (1989).43
A Total- and atomic-yield
The total and atomic yields on mass spectrometry, that are defined as below, were estimated by
analyses of reference solutions X1 and X2 using element abundances (Makishima and Nakamura,
2006; Makishima et al., 2011; Lu et al., 2007), and shown in Table S1.
Total yield (Λ) is defined as quantity of element delivered to collector relative to that sprayed into
plasma as
Λ≡ I(
nZ)
A(nZ)
(1)
where I(nZ) and A(nZ) are number of ions delivered to collector in a second and number of atom
sprayed into torch in a second, of isotope with atomic weight n, respectively.
Atomic yield (Ψ) is defined as ionization efficient of element relative to Sr on mass spectrometry
as
Ψ≡ I(
nZ)/I(88Sr)
A(nZ)/A(88Sr)
. (2)
B BaO correction for Eu
Uncertainty for Eu abundance resulted from uncertainty of oxide-to-atomic-yield ΘBaO/Ba is described
in this section.
The ion signal on mass spectrum 151 consists of 151Eu+ and 135BaO+ as described below.
151I = I151Eu+ + I135BaO+ (3)
Signal of I135BaO+ is estimated using ion signal I137Ba+ , isotope ratio
(
135Ba
137Ba
)
, and oxide-to-atomic-yield
ΘBaO/Ba, using following relationship.
ΘBaO/Ba ≡
IBaO+
IBa+
=
I135BaO+
I135Ba+
=
I135BaO+
I137Ba+
(
135Ba
137Ba
) (4)
Note that Θ was estimated by analysis of Ba solution that was without Eu. As similar to Equation 4,
relative atomic yield of Eu to Ba ΨEu/Ba is defined as
ΨEu/Ba ≡
I151Eu+/I137Ba+
〈151Eu〉/〈137Ba〉 (5)
where 〈151Eu〉 and 〈137Ba〉 are molar number in unit mass, of the element Eu and Ba with weight 151
and 137, respectively.
From ideal relationship 151I0 = I0151Eu+ + I
0
135BaO+ with constants 〈151Eu〉0, 〈137Ba〉0, Ψ0, and Θ0,
we obtain following relationship as
I0135BaO+
I0151Eu+
=
(135Ba
137Ba
) 〈137Ba〉0
〈151Eu〉0
Θ0
Ψ0
. (6)
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When Θ is overestimated by 1+ x, I135BaO+ is overestimated by 1+ x as well as shown as
I135BaO+
I0151Eu+
=
I0135BaO+(1+ x)
I0151Eu+
=
(135Ba
137Ba
) 〈137Ba〉0
〈151Eu〉0
Θ0(1+ x)
Ψ0
. (7)
Since overestimation of I135BaO+ has a linear impact to I151Eu+ , uncertainty of y (≡ I151Eu+/I0151Eu+) is
described as
∂y
∂x
=
∂
∂x
(
I151Eu+
I0151Eu+
)
=− ∂
∂x
(
I135BaO+
I0151Eu+
)
=−
(135Ba
137Ba
) 〈137Ba〉0
〈151Eu〉0
Θ0
Ψ0
(8)
and we obtain
σy =
(135Ba
137Ba
) 〈137Ba〉0
〈151Eu〉0
Θ0
Ψ0
σx. (9)
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Table S1: Total yields (Λ) and atomic yields (Ψ).
Λ Ψ
ICP-QMS 7Li 0.404 (± 0.022) ×10−6 0.022 (±0.0003)
9Be 0.105 (±0.007) ×10−6 0.006 (±0.0002)
11B 0.096 (±0.002) ×10−6 0.005 (± 0.0002)
85Rb 16.2 (± 0.7) ×10−6 0.885 (± 0.008)
88Sr 18.3 (± 0.8) ×10−6 ≡ 1
89Y 19.4 (± 0.9) ×10−6 1.06 (± 0.02)
91Zr 25.4 (± 0.5) ×10−6 1.40 (± 0.05)
93Nb 21.4 (± 0.5) ×10−6 1.17 (± 0.04)
97Mo 23.0 (± 0.5) ×10−6 1.26 (± 0.05)
111Cd 16.0 (± 0.9) ×10−6 0.849 (± 0.074)
115In 35.3 (± 0.5) ×10−6 1.85 (± 0.04)
119Sn 31.6 (± 0.7) ×10−6 1.73 (± 0.06)
121Sb 13.6 (± 0.3) ×10−6 0.744 (± 0.027)
133Cs 20.5 (± 1.0) ×10−6 1.12 (± 0.01)
137Ba 22.3 (± 1.0) ×10−6 1.22 (± 0.02)
139La 23.9 (± 1.3) ×10−6 1.30 (± 0.02)
140Ce 25.0 (± 1.2) ×10−6 1.37 (± 0.02)
141Pr 26.6 (± 1.3) ×10−6 1.46 (± 0.03)
146Nd 25.9 (± 1.4) ×10−6 1.41 (± 0.02)
147Sm 26.7 (± 1.6) ×10−6 1.46 (± 0.03)
151Eu 26.6 (± 1.4) ×10−6 1.45 (± 0.02)
157Gd 25.4 (± 1.5) ×10−6 1.39 (± 0.03)
159Tb 25.6 (± 1.7) ×10−6 1.40 (± 0.03)
163Dy 24.8 (± 1.6) ×10−6 1.36 (± 0.03)
165Ho 24.8 (± 1.5) ×10−6 1.35 (± 0.03)
167Er 25.0 (± 1.6) ×10−6 1.37 (± 0.03)
169Tm 25.7 (± 1.5) ×10−6 1.40 (± 0.03)
172Yb 25.4 (± 1.6) ×10−6 1.39 (± 0.03)
175Lu 24.6 (± 1.4) ×10−6 1.34 (± 0.02)
179Hf 36.5 (± 0.8) ×10−6 2.00 (± 0.07)
181Ta 35.4 (± 0.9) ×10−6 1.95 (± 0.06)
205Tl 28.2 (± 0.3) ×10−6 1.48 (± 0.02)
208Pb 17.1 (± 1.1) ×10−6 0.952 (± 0.013)
209Bi 11.1 (± 0.3) ×10−6 0.589 (± 0.023)
232Th 14.7 (± 1.0) ×10−6 0.817 (± 0.022)
238U 14.2 (± 1.1) ×10−6 0.794 (± 0.025)
ICP-SFMS 23Naa 0.982 (± 0.024) ×10−6 0.112 (± 0.001)
25Mga 0.814 (± 0.01) ×10−6 0.093 (± 0.001)
27Ala 1.17 (± 0.03) ×10−6 0.133 (± 0.001)
31Pa 0.057 (± 0.001) ×10−6 0.006 (± 0.0001)
42Caa 0.017 (±0.0005) ×10−6 0.002 (±0.00001)
47Tia 0.041 (± 0.003) ×10−6 0.005 (± 0.0003)
51Va 2.88 (± 0.07) ×10−6 0.328 (± 0.002)
55Mna 3.49 (± 0.05) ×10−6 0.397 (± 0.007)
57Fea 3.28 (± 0.07) ×10−6 0.373 (± 0.005)
59Coa 4.13 (± 0.09) ×10−6 0.470 (± 0.003)
88Sra 8.77 (± 0.25) ×10−6 ≡ 1
93Nba 0.110 (± 0.01) ×10−6 0.012 (± 0.001)
39Kb 0.745 (± 0.02) ×10−6 0.290 (± 0.007)
45Scb 0.814 (± 0.01) ×10−6 0.317 (± 0.004)
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Table S1: Continued
Λ Ψ
55Mnb 2.197 (± 0.04) ×10−6 0.854 (± 0.011)
60Nib 0.842 (± 0.02) ×10−6 0.327 (± 0.006)
63Cub 0.762 (± 0.02) ×10−6 0.296 (± 0.007)
66Znb 0.326 (± 0.004) ×10−6 0.127 (± 0.002)
69Gab 1.36 (± 0.03) ×10−6 0.531 (± 0.009)
88Srb 2.57 (± 0.05) ×10−6 ≡ 1
The yields a and b were estimated with mass resolution 4000 and 10000, respectively.
47
Chapter 3
ANALYSES OF HOT-SPRING FLUIDS
IN MISASA AREA
3.1 INTRODUCTION
Hot springs in Misasa area are well-known as Rn-rich hot springs, which have been studied for
more than a century. Majority of those studies have been attempted to interpret the origin of Rn in hot
springs based on analyses of Rn, Ra (Nakai, 1940; Oshima et al., 1954; Horiuchi and Murakami, 1979;
Koga et al., 1996; Horiuchi, 1998; Inagaki et al., 2005). Others have been attempted characterizing
Misasa hot-spring based on major elements Na, Mg, K, Ca, Cl, HCO3, and SO4 and few trace elements
such as Fe, As, Ge, Se, and P (Umemoto, 1953; Sugihara, 1960; Sakanoue, 1960; Matsubaya et al.,
1973). None of them have been conducted comprehensive evaluation of characteristics Misasa hot
spring, as well as its sources of fluid and heat yet. This is because of trace elements that are presence
at extremely low abundances down to fgg−1 level (e.g., REE). The determination of abundances of
trace elements is, therefore, difficult. Therefore, FDC-ID-IS technique has been primarily developed
to determine the element abundances ranging from µgg−1 down to fgg−1 level. Other major elements
such as F, Cl, Br, N, and S and Rn, together with Sr isotopes are also determined.
Major elements are considered as a important key to figure out the sources of elements and control
processes, as well as prediction of hydrothermal reservoir temperature (Uzumasa, 1965; Giggenbach,
1988; Meybeck, 2003). The major elements can not, however, be used to determine the origin of
the fluid. The combination of major elements with trace elements is more powerful tool to further
provide information with respect to flow paths and fluid-rock interaction processes. The geochemistry
of Li, Rb, and Cs is considered to be leached from the wall rock and partitioned into Na- and K-
containing alteration minerals, while systematic relationships of Sr and Ba with Ca are considered
to be incorporated into Ca-containing alteration minerals during fluid-rock interaction (Kaasalainen
et al., 2015). The Fe and Mn is a sensitive indicator to identify oxidization-reduction environment
(Barnaby and Rimstidt, 1989; Milodowski et al., 2018).
Trace elements of which have similar chemical behavior such as Rb and Cs or REE can be used
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as tracer for seeking the origin of the fluid and fluid-rock interaction processes. Radon presents as
inert gas elements with its conservative chemical behavior is a very sensitive geochemical tracer for
not only exploration geothermal source, detection of active faults, and earthquake prediction, but also
prospection of hidden U deposits (Fleischer and Mogro-Campero, 1982; Qureshi et al., 1988; Font
et al., 2008; Ghosh et al., 2009). Based on comprehensive geochemical analyses in combination with
fluid properties (e.g., pH and temperature), this chapter describes characterization of hot spring fluids
in Misasa area and figure out its source of fluid, as well as the genetic links to the basement geology.
3.2 GEOLOGY SETTING AND SAMPLE DISTRIBUTION
3.2.1 Basement geology
Misasa area is central part of Tottori region, SW Japan where basements are consist of various
types of rocks (Geological Society of Japan, 2009), and shown in Figure 3.1. The oldest rocks
exposed are Paleozoic accretionary complexes (500Ma), which are overlaid by Mesozoic accretionary
terranes (∼130 Ma). These complexes sporadically distribute in this district, and consists of ophiolite,
metasediment, metabasalt, chert, and limestone.
Late Cretaceous to early Tertiary felsic intrusive dominate the basement constituent in SW Japan.
The formation of igneous bodies were coincident in time with the formation of island-arc system.
Chronological works revealed that the magmatism started at about 110 Ma, and continued to 30 Ma
(Geological Society of Japan, 2009). Based on chronology and petrochemistry, three major zones are
recognized as Ryoke, Sanyo, and Sanin zones, respectively, from south to north. In each zone, granitic
bodies are predominant, and subordinate amount of rhyolitic intrusions are associated.
3.2.2 Evolution of magmatism
Cenozoic (∼30 Ma) units occupy the uppermost part of crustal section. In the period, Japan Sea
started to open (Jolivet et al., 1994; Tamaki, 1995). The sea-floor spreading ceased at 18 Ma, coincide
with the opening of Shikoku Basin on Philippine Sea Plate (Seno and Maruyama, 1984). Subduction
of Philippine Sea Plate (PSP) beneath SW Japan induced the Cenozoic magmatism, and its activity
continues to present. During 12-0 Ma, the magmatism became vigorous in relation to subduction
of PSP (Kimura et al., 2005). Basaltic eruptions were dominated in the early period (12-2 Ma), and
the late activity (2 Ma to present) is characterized by association of andesite and dacitic eruptions.
Formation of large-volume dacitic lava is attributed to partial melting of subducted PSP (Feineman
et al., 2013; Kimura et al., 2014).
3.2.3 Sample distribution
In Misasa area, more than 160 hot springs of which come from well and surface are distributed within
a narrow strip of about 1.5 km stretching and along Mitoku river (Moninaga et al., 1984). Among
the 160 hot springs, 57 of hot-springs and 2 cold springs were investigated and collected in 2016,
exception the 3 samples, which collected in 2013. The distribution of the 57 hot springs and 2 cold
springs were shown in Figure 3.1 and Table 3.1. Total of 334 bottled hot-spring samples and 12
bottled cold spring samples from the 57 hot-springs and 2 cold springs, respectively, were collected
for analyses of major elements and trace elements and Sr isotopes. Among the 57 hot springs, 10 and
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14 hot springs were selected to collect 10 bottled samples and 42 tubed samples for analyses of major
anions (F, Cl, Br, N, and S) and Rn, respectively.
3.3 ANALYTICAL METHODS
3.3.1 Sampling methods for hot-spring fluids
Overview: Sample collection is probably the most important step in fluid analysis (Hamilton, 1976).
It is therefore important to minimize all possible source of contamination during sampling to achieve
precise and accurate analysis. In the field, complicated treatments for sampling apparatuses (filter,
bottles, and devices) are difficult and requirement of special equipments, which are also not available.
Thus, sample preservation and storage must be took into account as in situ analyses of hot-spring fluid
is impossible. To solve these issues, I have been developed sample strategies to collect hot-spring
fluids in the field for determination of abundances of cations, anions, and gas.
Fluid collection for cation determinations: To collect hot-spring samples, a 125-ml and wide-
mouth polyethylene bottle (Thermo Fisher Scientific Inc., USA) were used. The bottle was consec-
utively rinsed twice with 6 molL−1 HCl, thrice with distilled water, twice with 0.5 molL−1 HNO3,
thrice with distilled water, and finally with de-ionized H2O before using. In addition to minimize
contamination from fluid-delivering pipe, fluid was only collected from the tap after pumping for five
minutes. In a case of sampling at bath-tub where the hot-spring fluid migrates up from the base, fluid
was directly scooped from bath-tubs.
To filtrate hot-spring fluid, nalgene reusable filter (Thermo Fisher Scientific Inc., USA) is used.
To separate a suspended particle, fluid was filtrated through 0.4 µm-pore size and 47 mm diameter
polycarbonate membrane filter (Toyo Roshi Kaisha, USA). The washing procedure of the filter was
followed as that of bottle. In the field site, vacuum was applied to basal container for extraction
wrinkling of fluid in the upper chamber. To maintain temperature and pH during filtering process,
the hot-spring fluid was directly poured into upper chamber. This step is important step to minimize
changing in element concentrations as a function of temperature and pH. After each ∼2 minutes
filtering, about 100 mL of fluid was collected in the bottle, which is located inside vacuum gasket. A
schematic illustration of fluid-filtering system is shown in Figure 3.2. To minimize losses of elements
because of absorption and precipitation of elements on the wall of bottle, the fluid was immediately
acidified to 0.05 molL−1 HNO3 by addition of 16 molL−1 HNO3 (Batley and Gardner, 1977). At
each location, 6 filtered and 1 unfiltered aliquots were collected. Note that cold-spring fluid was
collected the same procedure as the hot-spring fluid.
Fluid collection for anion determinations: To determine abundances of anions, 125ml-size and
narrow-mouth polypropylene bottle (Thermo Scientific, USA) is used. To reduce contamination, the
bottle is rinsed with distilled water and hot-spring fluid by 3 and 2 times before collection of fluid.
In the field site, about 100 mL of hot-spring fluid was directly collected in the bottle from pipe after
pumping for five minutes. Notes that the hot-spring fluid is not acidified.
Fluid collection for Rn determination: To collect Rn in hot-spring fluids, a glass vial with
foil-lined cap (20 ml, GV1, Meridian Biotechnologies Ltd., UK) was used. The glass vial with a
bottle top dispenser was weighed before and after addition of 10 ml of water-immiscible scintillation
cocktail (Ecoscinti O, National Diagnostics, Inc., USA). To prevent the oil-water emulsion, 0.1 g of
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NaCl was added to the scintillation vial. Then the vial with water-immiscible scintillation cocktail and
NaCl was weighed. The weights of the vial and water-immiscible scintillation cocktail and NaCl were
determined. A schematic illustration of Rn collection from hot-spring fluid was shown in Figure 3.3.
At each hot-spring sites, hot-spring fluid was slowly accumulated in and overflow out a funnel
with hose, which is connected with a tap. After temperature of hot-spring fluid was stabilized, 10 ml
of hot-spring fluid was taken by a glass syringe from funnel. The syringe is inverted, gently pushed,
and tapped with finger to remove to remove an excess volume and bubbles from sample. To prevent
turbulence, the 10 ml of hot-spring fluid was then slowly injected below the scintillation cocktail
through syringe’s needle. The vial was closed with the cap and sampling time was recorded. To
dissolve Rn in the scintillation cocktail, the vial was vigorously shaken for 30 seconds. At each
hot-spring site, three aliquots were collected with intervals within 3 minutes to account for the effect
of a sampling condition. Sample weight was determined the sample during the sampling day. Blank
was determined using 10 ml of water as the same the sample.
Measurements of physical- and chemical hot-spring properties: Measurements of tempera-
ture, pH, electrical conductivity, and dissolved oxygen were in situ conducted at sampling sites by
using a digital thermometer IT-2000, pH meter AS700, multi-measure dissolved oxygen and conduc-
tivity AS810. The three devices are from AS ONE Corporation, Japan. The temperature and pH of
total 57 hot-springs in Misasa area were determined. Among the total of 57 hot-springs, the electrical
conductivity, and dissolved oxygen 10 selected hot-springs were determined.
Sampling locations: The latitudinal and longitudinal coordinates of sample site is determined by
a global positioning system device (GPS, Garmin etrex 10J). The GPS is from Garmin Ltd., (Japan).
The locations of 57 of hot-springs and 2 cold springs in Misasa area were determined and shown in
Table 3.1.
3.3.2 Determination of major- and trace-element abundances
Determination of abundances of major- and trace-elements: To determine abundances of trace
elements including Li, Be, Rb, Sr, Y, Cd, In, Cs, Ba, REEs, Tl, Pb, Bi, Th, and U, 18 selected
hot-spring fluids collected in Misasa are analyzed by the FDC-ID-IS technique. The hot-spring
fluids were pre-concentrated by reducing the weight of the samples from ∼125 g to 3.5 g, resulting
into pre-concentration factor of C∼35. Abundances of major elements (Na, Mg, K, and Ca) and
transition elements (Sc, V, Mn, Fe, Co, Ni, Cu, Zn, and Ga), and Al and P are determined by the
FDC-ID-IS technique after determination of abundances of trace elements. To avoid matrix-effected
signal suppression, major- and transition-elements are determined by C<1 after re-dilution from
C∼35. The analyses of the selected 18 hot-spring fluids and two cold-spring fluids were duplicated.
Determination of abundances of F, Cl, Br, N, and S: To determine abundances of F, Cl, Br, N,
and S in hot-spring fluids, the sample were calibrated by 5 working standard solution including F−,
Cl−, NO−2 , Br
−, NO−3 , PO
3−
4 and SO
2−
4 (No.810H1527, Kanto chemical Co., INC, Japan), which were
analyzed in the sequence of sample measurement. Abundances of F, Cl, Br, N, and S are determined
in the form of abundances of F−, Cl−, Br−, NO−3 , and SO
2−
4 by ion chromatography using a compact
IC 761 (Metrohn Switzerland). The operation conditions of compact IC 761 was referenced to Wang
et al. (2010).
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Detection limit is estimated as three σ of background signal obtained by compact IC 761 from
purified water (n = 4), typically expressed in unit of microsiemens per centimeter per second. Using
element abundance and signal intensity of standard solution, the detection limit is converted into
a sample detection limit, which is expressed in unit of milligram per liter. The detection limits
are 0.04, 0.11, 0.24, 0.28, and 0.28 mgL−1 for F−, Cl−, Br−, NO−3 , and SO
2−
4 , respectively. Total
blank procedure is less than 0.03, 0.08, 0.07, 0.21, 0.27 mgL−1, for F−, Cl−, Br−, NO−3 , and SO
2−
4 ,
respectively. Reproducibility is defined as a standard deviation of repeated analyses (n = 5) on
standard solution. The reproducibilities are less than 5% for all 5 element studies. Accuracy is
defined as deviation of determined values from those of reference values on the standard solution.
The accuracies are less than 1.2% for all 5 elements. By considering low blank, small detection limit,
better reproducibility, and accuracy, the technique is applied to determination of abundances of F, Cl,
Br, N, and S in hot-spring fluids. To determine abundances of anions with various, hot-spring fluids
are determined with original solution and diluted one. Higher abundances such as Cl− and SO2−4 are
determined with dilution of approximately 40 times, while lower abundances of NO−3 , F
−, and Br−
are determined with original solution.
3.3.3 Determination of Radon abundance
To determine Rn abundance, the fluid sampled from a cold well in Kobe Pharmaceutical University
was used as standard solution. The 222Rn abundance (referred as Rn abundance in this study) of well
fluid is 230 BqL−1, which is determined by Ishikawa et al. (2004). Five aliquots of well fluid for this
experiment were collected on February 27 in 2017, and delivered with a high-concentration standard
to Misasa on February 28 in 2017. After experiment at Misasa, the remaining fluid was returned to
Kobe Pharmaceutical University (March 1) for third measurement.
At Kobe Pharmaceutical University, the analysis was conducted by liquid scintillation counting
using a PerkinElmer Tri-Carb 2300TR (Ishikawa et al., 2004). At Misasa, the analysis was conducted
by liquid scintillation counting using a Hidex Triathler Type 425-034 according to the procedure
described in Yasuoka et al. (2009). The Rn abundance (CRn) is given as radioactivity Bqkg−1, and
calculated as
CRn =
N/60
fV
exp
(
0.693T
3.824
)
(3.1)
where N is a net count, T is an elapsed time after sampling (in days), f is a conversion factor from
count to radioactivity, and V is a volume of fluid (in kg). The f of 4.5 is used for this analysis,
according to Tanaka et al. (2013).
Reproducibility is defined as a standard deviation of mean (n=5). The reproducibility is <3%
for all 3 analyses at Kobe Pharmaceutical University, Misasa, and Kobe Pharmaceutical University.
Accuracy is defined as a deviation of determined value at Misasa and the second determined value at
Kobe Pharmaceutical University from the fist determined value at Kobe Pharmaceutical University.
The accuracy is <1% for all analyses. The accurate and precise analysis of standard solution allows
applying for determination of abundances of Rn in hot-spring fluids in Misasa.
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3.3.4 Determination of Sr isotopic composition
The Sr isotopic composition was determined using 0.1−0.8 mL of the remained aliquot after deter-
mination of major- and trace-element abundances using the FDC-ID-IS. The Sr isotopic analyses
were conducted by the Finnigan MAT262. The procedures of Sr isotopic analyses according to of
Yoshikawa and Nakamura (1993). The measured ratios of standard materials during analysis were
87Sr/86Sr=0.71022±21 (2σ , n=4) for NIST987. The blank level is <31 pg. The Sr isotopic ratio is per-
formed without correction on data because contribution of blank on the sample is negligible when the
amount of Sr is >200 ng. All data are adjusted for instrumental discrimination to 87Sr/86Sr=0.71024
for NIST987 (Makishima and Masuda, 1994).
3.4 RESULTS
3.4.1 Temperature and pH
The temperature and pH of the 57 hot springs in Misasa area are shown in Table 3.1. The temperature of
hot-spring fluids in Misasa shows large variation ranging from 14.2 to 76.4 ◦C. Among 57 hot springs,
32%, 56%, and 12% of total are with temperature of 30-50◦C, 50-70◦C, and >70◦C, respectively.
The pH of hot-spring fluids shows small variation ranging from 6.26 to 7.61 of which indicate that
hot-spring fluids are neutral. The relationship between temperature and pH for hot-spring fluids is
shown in Figure 3.4. The hot-spring fluids in Misasa show no correlation between pH.
3.4.2 Major and trace elements
Overview: Element with abundance of >1 µgg−1 is defined as major elements, and others are defined
as trace elements. Abundances of major- and trace-elements are shown in Table 3.2. Element
abundances of hot-spring fluids range by nine orders of magnitudes from fgg−1 (e.g., REE) to µgg−1
level (e.g., Na). Abundances of 48 elements of hot-spring fluids and cold-spring fluids were normalized
to those of upper continental crust (UCC) as function of solubility of elements estimated from partition
coefficient between seawater and upper-crust (Taylor and McLennan, 1985; Rudnick and Gao, 2003; Li
et al., 2011), and shown in Figure 3.11. Differences of element abundances among fluids is significant.
For example, abundance of Nd ranges from 0.311 to 19.3 pgg−1.
Major elements: The hot-spring fluids in Misasa are dominated by Na and Cl, which have
abundances ranging from 62.0 to 646 µgg−1 and 70.4 to 688 µgg−1, respectively. The others (S, Mg,
Ca, K, and F) are less abundant, ranging from 2.84-64.6 µgg−1, 0.484-4.78 µgg−1, 7.92-49.4 µgg−1,
3.48-29.0 µgg−1, and 0.71–5.74 µgg−1, respectively. The relationship of major-element abundances
on the fluid properties are shown in Figure 3.5. Elements present in fluid as cations such as Na, Mg,
Ca, and K, which are dependent on pH rather than that on temperature, while elements present in
fluid as anion such as Cl, S, and F, which are more dependent on temperature than that on pH. The
relationships between abundances of the major cations and that of the major anions are shown in
Figure 3.8. Sodium, Ca, and K show having correlation with Cl, and no correlation with S.
The normalized-UCC patterns of major elements for hot-spring fluids in Misasa are shown together
with other hot-springs (Arima, South Korea) and sea water, and river water (Taniguchi et al., 2008;
Kusuda et al., 2014; Lee et al., 2011; Li et al., 2011), respectively, and shown in Figure 3.12. The
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hot-spring fluids from Misasa are characterized by enrichment in Cl, S, Na, and F and strong depletion
in Mg. Theses features are similar to those of South Korea, but differ from those of Arima in which S
and F show depletion. The Misasa hot-spring fluids also differ from those of sea water and river water
of that shows depletion in Mg and enrichment in F, respectively.
Trace elements: In Misasa hot-spring fluids, most trace elements have abundances ranging from
fgg−1 to ngg−1 level, except for Br, N, Li, and Sr of few samples in which have abundances of
<2.43µgg−1. The relationship between abundances of trace-element (Rb, Sr, Nd, and U) and the fluid
properties (temperature and pH) are shown in Figure 3.9. The abundances of Rb and Sr show positive
correlation with temperature and negative correlation pH. In contrast, abundances of Nd and U show
no correlation with temperature and pH. The relationship between the major anions (Cl and S) and
trace cations (Ba, Sr, Nd, and U) are shown in Figure 3.9. Barium, Sr, and Nd show having correlation
with Cl and S, while U does not show correlate with both Cl and S. The normalized-UCC patterns
of trace elements for Misasa hot-spring fluids are shown in 3.11. Element patterns of the hot-spring
fluids tend to show negative slopes (Brn/Fen = 4.52×104−2.21×106) with positive spikes of Br, Li,
Cs, Tl, Pb, Be, Mn, and negative spike of V, respectively. Element patterns of the cold-spring fluids
also show negative slopes with positive spikes of U, P, V, Zn, and Be and negative spikes of Rb, Cs,
Tl, Cu, Al and Fe, relative to those of hot-spring fluids, respectively.
Rare earth elements: Abundances of REEs are low as to 0.0234 pgg−1 (e.g., Eu), with abun-
dances of total REEs (∑REEs), ranging from 3.18 to 180 pgg−1. Relationship between the abundances
of ∑REEs and the fluid properties (temperature and pH) is shown in Figure 3.14. The variation of
abundances of ∑REEs is dependent on pH, but temperature. The variation in abundances of REEs
for individual element is represented by is Nd. The abundance of Nd varied ranging from 0.311 to
19.3 pgg−1. Relationship between abundance of Nd and the fluid properties (temperature and pH) is
shown in Figure 3.6. The variation of abundance of Nd is dependent on neither temperature nor pH.
The abundances of REEs of the hot springs and cold springs in Misasa are normalized to those
of CI chondrite (Anders and Grevesse, 1989), and shown in Figure 3.13. The hot-spring fluids show
REEs-normalized patterns of flat to slight enrichment in HREEs (Lan/Lun=0.21-2.0), and with negative
anomalies of Ce and Eu (Cen/Ce∗n=0.22-1.1 and Eun/Eu∗n=0.3-1.2, respectively). The cold-spring
fluids show REE-normalized patterns of slight enrichment in LREEs (Lan/Lun=3.1-3.2), and strongly
negative anomalies of Ce and Eu (Cen/Ce∗n=0.025-0.023 and Eun/Eu∗n=0.16-0.23, respectively).
To figure out genetic links to basement rocks, abundances of REEs granitic and volcanic rocks are
normalized to those of CI chondrite (Anders and Grevesse, 1989), and also shown in Figure 3.13. The
granitic rocks show REE-normalized patterns with strong enrichment in LREEs (Lan/Lun=4.4-26)
with negative anomaly of Eu (Eun/Eu∗n=0.29-1.4), and no anomaly of Ce. The volcanic rocks show
REE-normalized patterns with strong enrichment in LREEs (Lan/Lun=12-29) and with no anomalies
of Ce and Eu. The REEs patterns of both hot springs and cold springs are different from those of
volcanic and granitic rocks.
Based on total REEs abundances, REE patterns, and fluid properties, hot springs in Misasa were
classified into three groups that are groups I, II, and III. Group I is characterized by the highest
temperature (70.3-75.4 ◦C), lowest pH (6.31-6.85), highest total REEs abundances (∑=97.2-180
pgg−1), slight enrichment in HREEs (Lan/Lun=0.26-0.76), no Ce anomaly and small Eu anomaly
(Cen/Ce∗n=0.85-0.94, Eun/Eu∗n=0.45-0.72). Group II is characterized by lower temperature (45.7-64.5
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◦C), higher pH (6.82-7.30), lower total REEs abundances (∑=13.1-62.5 pgg−1), flat REE patterns
(Lan/Lun=0.67-1.97), and larger anomalies of Ce and Eu (Cen/Ce∗n=0.64-0.86, Eun/Eu∗n=0.27-0.50).
Group III is characterized by variation in temperature (33.2-70.5 ◦C) and pH (6.31-7.56), the lowest
total REE abundances (∑=3.18-29.1 pgg−1), slight enrichment in HREEs (Lan/Lun=0.21-0.93), except
for three samples (MSS10, MSS11, and MSS24 in that LREEs is slightly enriched), small variation of
Ce and Eu anomalies (Cen/Ce∗n=0.23-1.1, Eun/Eu∗n=0.45-1.2).
3.4.3 Radon
The Rn abundance of hot-spring fluids in Misasa was shown in Table 3.2. Most samples show
small Rn abundance variation, ranging in 0.0327-0.0884 pgkg−1 (e.g., 186-443 Bqkg−1), except for
MSS11 of which Ra abundance is very high as to 0.352 pgkg−1 (e.g., 2005 Bqkg−1). The maximum
Rn abundance of 2005 Bqkg−1 in Misasa area, is supposed to be the highest value in Japan with
consideration of temperature of >36.7◦C. The dependency of Rn abundance on temperature and pH
is shown in Figure 3.22. There is no correlation between Rn abundance and temperature and pH. The
relationship between Rn and U in hot-spring fluids is shown in Figure 3.23. There is no correlation
between Rn abundance and that of U.
3.4.4 Sr isotopic composition
The 87Sr/86Sr ratio of the hot-spring fluids and cold-spring fluids in Misasa was shown in Table 3.2.
The 87Sr/86Sr ratios of the hot-spring fluids shows small variations ranging from 0.70601 to 0.70613,
while those of two the cold-spring fluids show similar (0.70628 and 0.70629). The dependencies of
the 87Sr/86Sr ratios on temperature and pH are shown in Figure 3.19. There is no correlation between
the 87Sr/86Sr ratios of the hot-spring fluids and temperature and pH. However, the 87Sr/86Sr ratios of
both the hot-springs and cold-springs are correlated with temperature but pH. Th variation of 87Sr/86Sr
ratio during 6 years for one cold-spring fluid and 2 hot-spring fluids is shown in Figure 3.21. During 6
years, the 87Sr/86Sr ratio for cold-spring and hot-spring fluids is almost constant.
3.5 DISCUSSIONS
3.5.1 Source of the solutes in hot spring fluids
Source of hydrogen, alkali and alkaline ions: On Figure 3.4 shows that no correlation between pH
and temperature, suggesting that pH is not simply controlled by temperature. The pH is a chemical
parameter of activity of aqueous hydrogen ion (H+), and described as following
H2O H++OH−. (3.2)
The total H+ concentration does not change, even though temperature increases or decreases. The pH
is, theoretically, defined as ratio of the chemical potential and thermal energy. The pH is proportional
to the chemical potential, because H+ concentration increases or decreases as thermal energy changes.
The ratio of the chemical potential and thermal energy remains constant with temperature for a given
system, pH is expected to be dependent of temperature. However, there is no correlation between
temperature and pH, suggesting that the pH is dependent upon changing chemical condition rather
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than that of the temperature alone. The pH of hydrothermal fluid is hypothesized that it is an initially
acidic fluid, which is dominated by H+, Cl−, HSO−4 , and HCO
−
3 of all that derived from magma
fluid (Reed, 1997). The acidic fluid is then neutralized by either progressive reaction with a silicate
forming secondary minerals or by the exchange of H+ with cations of the wall rock through fluid-
rock interaction (Reed, 1997; Smith et al., 2017). One of typical example for consuming H+ is
through reaction between albite and K-feldspar with H+ forming muscovite and quartz in alternation
assemblage zone (Reed, 1997). The reaction can be written following as
2NaAlSi3O8+KAlSi3O8+2H+→ KAl3Si3O10(OH)2+2Na++6SiO2. (3.3)
When the acidic fluid is neutralized, most H+ is consumed by ion exchange. As a consequence, the
final fluid in equilibrium with mineral assemblage is dominated by Na+, Cl−, and HCO−3 , and with
lesser K+, Ca+, and Ba+ (Reed, 1997). The neutralized pH of the fluid through chemical reaction of
H+ with composition of the wall rocks is probably important factor to control the cation abundances
in the hydrothermal fluid.
Correlations between element abundances and pH and temperature are shown in Figure 3.5 and
3.6. Most alkali and alkaline elements show negative and positive correlation with pH and temperature,
respectively. In addition, hot-spring fluids show negative correlation with the volcanic rocks on plot
of Li/Cs ratio versus Rb/Sr ratio as shown in Figure 3.7. These suggests that they are dissolved
out from minerals of the volcanic rocks into the fluids by reaction with H+ at elevated temperature
through fluid-rock interaction as described in Equation 3.3. Following the trend of the correlations,
supporting a hypothesis that the initial fluid is hot and acidic and it is neutralized due to reaction of H+
at elevated temperature with the silicate minerals of the wall rock, resulting into consuming almost
H+ and releasing cations into the fluid. Fresh waters are usually cold and neutral pH fluid that have
low concentration H+ and inactive to be progressive reaction with the wall rocks, and therefore they
are not expected to be a source supplying H+ to the fluid to be acidic. The another possibility is that
the H+ can be supplied to the fluid by H+, Cl−, HSO−4 , and HCO
−
3 derived from magma fluid as
mentioned-above. When the hot and acidic fluid circulates by convection, they progressively react
with minerals of the wall rocks, and diluting with cold-spring fluid on their pathways ascending to the
surface. Overall, it can be interpreted that increasing and decreasing trends for elements of alkali and
alkaline with temperature and pH, respectively, because of progressive reaction of the hydrothermal
fluids with the wall rocks.
Source of Cl and S ions: In contrast to the alkali and alkaline elements, Cl does not show
correlation with pH (see Figure 3.5), suggesting that they are not simply controlled by pH. Chlorine is
considered to be a conservative element in groundwater and seawater, it does not remove by sorption
and precipitation or involving into chemical reaction such as ion exchange and reduction-oxidization
(Wilson, 1975; Lee et al., 2011). It is therefore not controlled by presence of H+ in the fluid. Chlorine
presents in hydrothermal fluid can be attributed for intrusion of seawater through fractures, releasing
from minerals of the wall rocks through fluid-rock interaction, and magma fluid.
Hot springs in Misasa area are all located in dominated granite area, and about 20 km toward
the east of Japanese sea. It is difficult to consider that Cl of seawater intruded into aquifer beneath
Misasa area because Cl abundance of hot-spring fluids is about 44 times lower than that of seawater.
Chlorine can be found within minerals such as amphibole and biotite because of substitution with
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the hydroxyl site. For examples, Cl abundance of basaltic and andesitic rocks (Wang et al., 2010)
are <300 µgg−1 and <100 µgg−1, which are within the range of found in Misasa hot-spring fluids
(70.4 µgg−1 and 688 µgg−1), respectively. Another possibility is that Cl deriving from magma fluid as
mentioned-above. This is supported by the fact that higher temperature have higher Cl abundance as
shown in Figure 3.5. Figure 3.8 and 3.9 show abundances of Na, Ca, K, Ba, and Sr have an increasing
trends with that of Cl abundance. This is because of Cl is conservative anion, which does not involve
to any chemical reaction, while elements Na, Ca, K, Ba, and Sr are proportionally released into the
fluid through fluid-rock interaction. Therefore, when hot-spring fluid is diluted with cold-spring fluid,
abundances of Na, Ca, K, Ba, Sr, and Cl are systematically decrease.
Sulfur is one of the major elements in natural fluids. It is very active and forms strong complexes
with many elements because it has five oxidation states that are -2, 0, +2, +4, and +6. Therefore,
it forms different species in natural fluids, and sulfate SO2−4 and sulfides (HS
−, S2−) are the most
important species, which strongly affect and form complexes with many cations in the natural fluids.
On Figure 3.5, S shows correlation with temperature but pH, suggesting that it is controlled by
temperature, rather than pH. By experiments, Mottl and Holland (1978) showed that when seawater is
progressively heated to 200-500◦C, SO2−4 and Mg
2+ are depleted because of precipitation of anhydrite
and Mg-oxylsulfate, while Ca2+, K2+, and Ba2+ are enriched in seawater because of their release
during seawater-basalt interaction. The depletion of S is also attributed for reduction of sulfate
by Fe2+-bearing minerals generating H2S or by H2 at temperature ≥200◦C (Mottl and Holland,
1978; Drean, 1978). Figure 3.8 does not show correlation between S and major cations, except for
K, supporting that S is controlled by many factors, which are temperature, pH, precipitation, and
reduction to sulfide. It is difficult to figure out source of S as it has complex chemical behavior of
which many physio-chemical factors are involved, and therefore further investigation is necessary.
Depletion of Mg: Figure 3.5 show no correlation between Mg and both temperature and pH,
indicating that Mg is not simply controlled by both temperature and pH. Strong depletion of Mg is
shown in Figure 3.12 for hot-spring fluids in Misasa. This feature is similar to that of hot springs
in South Korea (Lee et al., 2011), Arima (Kusuda et al., 2014), but different to that of sea water Li
et al. (2011), and river waters (Taniguchi et al., 2008). From experiment, Mottl and Holland (1978);
Shiraki et al. (1987) pointed out that Mg is strongly partitioned into solid phases during interaction of
basalt-seawater at high temperature. He also observed the depletion of Mg is compensated at 200-
400◦C by loss of SO2−4 because of precipitation of anhydrite or Mg-oxylsulfate. Similarly, (Seyfried Jr
and Bischoff, 1979; Shiraki et al., 1987) interpreted that the depletion of Mg is likely related to
precipitation of Mg-smectite hydroxide by reaction with albite-anorthite in basalt at temperature of
>150◦C, and produced second minerals such as chlorite in the altered zone. The following reaction of
Mg in solution with albite-anorthite in basalt can be written as
4NaSi0.5ALSi2O8+15Mg2++24H2O
 3Mg5Al2Si3O10(OH)8+2Na++2Ca2++24H+. (3.4)
Overall, the depletion of Mg is all attributed for Mg-incorporated in minerals or results of precipitation
of Mg-smectite during fluid-rock interaction.
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3.5.2 Evaluation of hydrothermal reservoir temperature
Based on the Na-K-Mg diagram proposed by Giggenbach (1988), the fluid can classify as fully
equilibrated with rocks at given temperatures, partially equilibrated or mixed fluid, and immature fluid.
The Na/K and K/Mg ratios of the fluid are dependent on temperature of hydrothermal reservoir, and
controlled by the equilibrium between hydrothermal fluids and mineral assemblages, which composed
of albite, K-feldspar, muscovite and clinochlore.
On Figure 3.10, 4 and 6 samples of hot-spring fluids fall into the immature fluid and partially
equilibrated field of this plot, respectively, while the two cold-spring fluids are close to the Mg end
member. This suggest that interactions of fluids and rocks have been not reached to full equilibrium
for bot cold springs and hot springs in Misasa area. The estimated temperatures of the reservoir
vary ranging from 120◦C to 200◦C, as shown in Figure 3.10. The estimated hydrothermal reservoir
temperature by Moninaga et al. (1984) using Si abundance corrected for hot fluid mixing with cold
fluid is 120◦C, which falls into the range of those estimated by this study. The estimated temperature
of hydrothermal reservoir is ∼3-4 times higher than those measured values at sampling sites. This
indicates that temperature of the hot fluids from deeper reservoir are deducted during their migration
upward to the surface. The deduction of temperature of the hot fluid is attributed for either mixing
with cold fluid and transferring into the wall rocks where it passed through. On Figure 3.10, there is
a linear link between the surface cold-spring and hot-spring fluid, suggesting that the deduction of
temperature of the hot fluid is attributed for mixing with cold fluid rather than from transferring into
the wall rocks where it passed through. The real temperature of the hydrothermal reservoir can be,
therefore, expected much higher than that estimated values.
3.5.3 Rare earth elements in hot-spring fluids
Overview: Since REEs have similarity in their coherent and predictable geochemical properties, they
are used as tracer to determine different geochemical processes such as mobility of REEs during
fluid-rock interaction, fractionation and deposition of REE during hydrothermal alternation (Bau,
1991; Lottermoser, 1992; Poitrasson et al., 1996). In rocks, most REEs is considered as trace elements,
which is associated with feldspar, micas and hornblende (Henderson, 1984; Graf, 1977; Sanada et al.,
2006; Göb et al., 2013) The distribution of REEs in primary minerals of rocks is strongly affected to
geochemistry of REE in hydrothermal fluids during fluid-rock interaction. It is generally accepted
that the LREEs in solid residual are more enriched than HREEs, while the HREEs in fluids are more
mobile than the LREEs (Braun et al., 1990; Rolland et al., 2003; Inguaggiato et al., 2017). The
mobility of REEs during fluid-rock interaction is controlled by many factors of which are included
by the distribution of REEs in rocks and stability of REE in the fluid in regard with hydrothermal
alternation, as well as changes in the fluid properties such as temperature, pH, oxidation-reduction
condition.
Dependency of REE abundances on temperature and pH: In hot-spring fluids in Misasa area,
most abundances of REEs present from fgg−1 (e.g., [Eu]=23.4 fgg−1) to pgg−1 level (e.g., [Dy]=
28.9 pgg−1). The significant variations of abundances of the individual element and ∑REEs among
the hot-spring fluids are observed to be almost one order of magnitude. The variations of REEs
in the fluids are usually attributed to changes in pH and temperature (Michard et al., 1987; Négrel
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et al., 2000; Rolland et al., 2003). The abundances of individual element (e.g., Nd) and ∑REEs of
Misasa hot-spring fluids show very weak correlation with temperature as shown in Figure 3.6 and 3.14,
suggesting that the variations of REEs are not simply controlled by temperature. Although abundance
of Nd shows very weak correlation with pH, the abundances of ∑REEs show inverse correlation with
pH. The higher abundances of ∑REEs correspond to lower pH for the hot-spring fluids in Misasa,
implying that REE is probably released from the wall rocks through fluid-rock interaction.
Interestingly, the hot-spring fluids of group I show the relative higher abundances of ∑REEs and
temperature, and lower pH compared with groups II and III. The inverse correlation between the
abundances of REEs and pH is also reported by many works (Goldstein and Jacobsen, 1988; Négrel
et al., 2000; Rolland et al., 2003). It is general agreed that REEs tend to concentrate on the grain
boundaries of rock-forming minerals (Suzuki, 1981; Fujimaki, 1986; Ishihara et al., 2008). If the grain
boundaries of rock-forming minerals are contacted with the fluids with high temperature and low pH,
they will be dissolved and the REEs are more released into the fluid during fluid-rock interaction.
Therefore, the higher ∑REEs in the hot-spring fluids of group I can be explained by more releasing
REEs in the deeper depth where interaction between the fluid and rocks are experienced at higher
temperature and lower pH. In contrast, those of lower ∑REEs in the hot-spring fluids of group II and
III can be explained by relative removal of REEs because of decreasing in temperature and increasing
pH of which condition can result into co-precipitation or absorption of REEs on solid phase. This
suggests that pH is an important factor to control solubility of REEs in the hot-spring fluids. Therefore,
REEs in the hot-spring fluids my be inherited some signatures from basement rocks.
REE-normalized patterns: In the REE-normalized patterns as shown in Figure 3.13, the base-
ment rocks including volcanic and granitic rocks surrounding Misasa area show negative slopes with
strong enrichment in LREEs (Lan/Lun=12−29 and 4.4−26, respectively), while the hot-spring fluids
show flat patterns and slightly positive slopes with HREEs enrichment (Lan/Lun=0.21−2.0). This
indicates that the REE patterns of the hot-spring fluids are completely different from those of the
basement rocks.
The geochemical characters of REEs in the fluids are, thus, not simply interpreted through fluid-
rock interaction processes. On the pathway of the hot-spring fluid ascending to the surface, their REE
may be experienced many processes included releasing from the wall rocks and adsorption on the
assemblage minerals at alternation zones during fluid-rock interactions, and preferentially scavenging
with anions, as well as precipitation and re-dissolution. These processes may result into fractionation
of REEs in the fluids. The HREEs are considered to be more mobile in solution than the LREEs.
This is because of the HREE tend to form stronger scavenging with anions such as Cl−, HCO−3 ,
SO2−4 , and PO
3−
4 and stability of longer in solution compared with the LREEs. The abundances of
REEs of hot-spring fluids in Misasa are correlated with those of Cl and S as shown in Figure 3.9
and 3.15, suggesting that the stability and mobility of REEs are probably controlled by scavenging
with Cl− and SO2−4 . The enrichment of the HREEs observed in the samples of group I and several
samples of group III are associated with higher abundances of Cl− and SO2−4 . This suggests that
the HREEs are dissolved in the hot-spring fluids as scavenging with Cl− and SO2−4 . In addition to
the fractionation of REEs, largely anomaly of Ce caused by precipitation of Fe as oxyhydroxides,
implying the LREEs may be preferentially absorbed onto precipitation of Fe oxyhydroxides. The
slopes of the REE-normalized patterns negatively correlate with abundances of Fe and Ca as shown in
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Figure 3.16. The hot-spring fluids with lower abundances of Fe and Ca are more LREEs depletion,
suggesting that LREEs are probably absorbed onto precipitation of Fe oxyhydroxides or calcite. Most
hot-spring fluids with more enrichment in HREEs have higher temperature, lower pH, and higher
abundances of Fe and Ca, while the two cold-spring fluids from the sub-surface have much enrichment
in LREEs lower temperature and higher pH, lower abundances of Fe and Ca. This may provide a clue
that all hot-springs are expected to be from the same the initial fluid, which is probably from large
depth where the fluids have much higher temperature and lower pH.
Anomalies of Ce and Eu: The anomalies of Ce and Eu are attributed for either inheritance from
those of basement rocks (Banner et al., 1988; Smedley, 1991) or because of preferential absorption
on precipitation of Fe oxyhydroxides and calcite (Stipp et al., 2003; Bau and Koschinsky, 2009),
respectively. Relationships between abundances of Ce and Eu and those of Fe and Ca, respectively)
for the hot-spring fluids are shown together with those of the subsurface cold-spring fluids in Figure
3.17. Relationships between abundances Fe and Ca and temperature and pH for the hot-spring fluids
were shown together with those of the subsurface cold-spring fluids in Figure 3.18.
The Ce anomaly shows positively correlated with Fe abundances, suggesting that relative removal
of Ce from solution is resulted from absorption on precipitation of Fe oxyhydroxides. The subsurface
cold-spring fluids show profound Ce anomaly corresponding to very low Fe abundance (0.0631−0.103
ngg−1) of that is probably removed by reaction with oxygen rich surface fluids. The abundances of
Fe and Ca are positively and negatively correlated with temperature and pH, suggesting that those
fluids are from deeper depth of hydrothermal reservoir, where temperature and pH could be higher and
lower than those of measured values, respectively. At grain boundaries of rock-forming minerals, the
REEs tend to be concentrated (Suzuki et al., 1990). With its higher temperature and low pH, fluid-rock
interaction is probably enhanced, resulting into leaching more REEs into the fluids.
At the deeper depth, the fluid is supported to have less dissolved O2, but large dissolved CO2. This
change of fluid properties is probably resulted into removal of Ca and Fe from solution by precipitation
of Fe oxyhydroxides and carbonate, respectively. According to Smith and Ehrenberg (1989), CO2
is released from hydrothermal fluids, resulting in precipitation of carbonate minerals at temperature
<100-120◦C and that there should be widespread carbonate dissolution at higher temperatures. The
removal of Ca could be result of releasing CO2 from the fluids as decreasing temperature, while that
of Fe could be result of reaction of Fe2+ with oxygen-enriched surface fluids. The mechanisms of
removal Ca and Fe could be expressed as
Ca2++2HCO−3 → CaCO3 ↓+CO2 ↑+H2O (3.5)
Fe2++
3
2
O2+3H+→ FeO(OH) ↓+H2O. (3.6)
The precipitations of Ca and Fe are probably resulted into removal other elements, typically Eu
and Ce by co-precipitation or absorption. This explanation is consistent with higher total REEs and
with no anomalies of Ce and Eu that observed for group I. Those samples of group II have lower
abundances of Fe and Ca than those of group I, suggesting that the hot fluid from deeper depth is
probably admixed with oxygen rich from surface cold fluids, resulting into decreasing Ca and Fe
because of their precipitation as temperature decline and oxygen enrich in the fluids.
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3.5.4 Implication for source of Sr from 87Sr/86Sr ratio of hot-spring fluids
Many hot springs occur in volcanic area are high in temperature and in associated with high heat flow
(Acharya, 1989; Tanaka et al., 2004; Sugimura and Uyeda, 2013). Their chemical characteristics also
indicate a close relation to those of volcanic rocks (White, 1957; Ishikawa et al., 2007; Roulleau et al.,
2015). In contrast to some other hot springs such as Arima in Japan and South Korea (Chiba et al.,
2015; Lee et al., 2011), they are in low to moderate temperatures but more highly dissolved elements
relative to ordinary ground fluids. The distribution of those hot springs raise questions. How many
different genetic sources of hot-spring fluids do they exist, and what means are available to distinguish
each from the others?
Misasa hot-spring is located in the non-existence of volcanic activity. The basement background
is dominated by late Tertiary granitic rick to early Quaternary volcanic rock (Murayama and Ozawa,
1961). The hot-spring fluid migrates upward and it interact with the wall rocks or mixed with cold-
spring fluid on the pathways to the surface. Composition of hot-spring fluid may, therefore, reflect
signatures of wall rocks or ground water and meteoric water (rainwater and melted snow) during
fluid-rock interactions or mixing processes, respectively.
Some elements such as Rb, Cs, and Sr are considered as sensitive elements during fluid-rock
interaction and mixing process (Goldstein and Jacobsen, 1988; Millot et al., 2007; Lee et al., 2011;
Göb et al., 2013). Their abundances in hot-spring fluid may be dependent on the dissolution of Rb-,
Cs-, and Sr-bearing phases (micas, feldspars, and apatites) of the wall rocks, and temperature and pH
as well. Among these elements, Sr is relative abundant and Sr isotope system has been demonstrated
to be a value proxy for the characterization of water types and to distinguish between different fluid
components (Goldstein and Jacobsen, 1987; Zhang et al., 1995; Millot et al., 2007). The Sr isotope
is also used as a tracer for delineating fluid-rock interactions and mixing processes occurring in
hydrothermal systems (Vengosh et al., 2002; Millot et al., 2012; Boschetti et al., 2011). This is because
the 87Sr/86Sr ratio is strongly dependent on the mineralogical composition of the source rocks.
Hot-spring fluids are usually considered to be recharged by groundwater or sea water. The
groundwater is largely supplied by meteoric water infiltrating into the ground. The 87Sr/86Sr ratio
in hot-spring fluid may have signature of meteoric water. The 87Sr/86Sr ratio of rain water in Japan
reported by Nakano et al. (2006) range from 0.70844 to 0.70911, which are much higher than that of
hot-spring fluids in Misasa (0.70601 to 0.70613). Therefore, it is difficult to consider that rain water
to be a source of hot-spring fluid in Misasa. The intrusion of sea water into an aquifer of hydrothermal
system may be one possibility to recharge water for hot-spring fluids. The 87Sr/86Sr ratio in hot-spring
fluid may have signature of sea water. The 87Sr/86Sr ratio of Pacific sea water reported by Ando
et al. (2010) is an average of 0.70917, which is much higher than that of hot-spring fluid in Misasa
(0.70601 to 0.70613). The possibility of Sr source from sea water is ruled out. Therefore, Sr source of
hot-spring fluid is from neither meteoric water nor sea water. This raise a question, where is source of
Sr of hot-spring fluids in Misasa.
The geographic distribution of 87Sr/86Sr of hot-spring sites can reflect the 87Sr/86Sr of basement
rocks, where hot-spring fluids occur (Notsu et al., 1991; Lee et al., 2011). Hence, to distinguish
whether fluid-rock interaction or mixture of fluids, the Sr isotope ratio of Misasa hot-spring fluids were
compared with those of volcanic rocks (Nguyen, 2018) and granitic rocks (Feineman et al., 2013) and
cold-spring fluid (this study), and showed in Figure 3.20. The 87Sr/86Sr ratios of Misasa hot-spring
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fluids are slightly lower than that of cold-spring fluids and much lower than that of granitic rock,
and fall into that range of volcanic rocks. Figure 3.20b shows decreasing 87Sr/86Sr with increasing
temperature, even cold-spring fluids are took into account, except one sample. In addition, Figure
3.6 shows Sr abundance is dependent on temperature and pH. This indicates that the fluids are more
active to dissolve the wall rocks as higher temperature and lower pH.
Franklyn et al. (1991); Lee et al. (2011) suggested that 87Sr/86Sr ratios of deep groundwater and
hot-spring fluids in plutonic rocks are the results of long period interactions of fluids with Sr-rich
minerals (plagioclase or hornblende) of the wall rocks in the deeper depth, respectively. The granitic
rocks contain significant plagioclase and hornblende of which their dissolution of Sr-rich will be
strongly affected to the 87Sr/86Sr ratios in the fluid. Lee (1991) reported that the 87Sr/86Sr ratios
of plagioclase and hornblende of granite in Masan, Korea are 0.70547 and 0.70610, respectively.
Feineman et al. (2013) reported the 87Sr/86Sr ratio of granite in Daisen area of 30 km toward the west
of Misasa hot-spring area was 0.712512 of which plagioclase and hornblende are expected to have
higher 87Sr/86Sr ratios compared with that in Masan, Korea. The 87Sr/86Sr ratios and Sr abundances
of hot-spring and cold springs in Misasa are lower than that of the granitic rock as shown in Figure
3.20. This suggests that the granitic rocks do not affect to cold- and hot-spring fluid in Misasa.
In contrast, the 87Sr/86Sr ratios of hot-spring and cold springs fall into that of the range of the
volcanic rocks, suggesting that hot-spring fluids in Misasa has been reacted with adakitic rocks. By
experiment of fluid-rock interaction for 12 months, Lee and Kim (2010) found that the 87Sr/86Sr ratio
of the fluid is increasingly shifted to that of rock, but have not been reached to equilibrium with rock
yet. Variations of the 87Sr/86Sr ratios observed for two hot-spring sites and one cold-spring site in
Misasa during 6 years from 2010 to 2016, remained almost constant as shown in Figure 3.21. It is
interesting that the 87Sr/86Sr ratio of cold-spring fluid is always higher than that of hot-spring fluid
during 6 year. This suggests that the 87Sr/86Sr ratio of the hot-spring fluids do not affect by that of the
cold-spring fluids. On the other hand, the hot-spring fluids in Misasa are probably reached to closed
system in regard with the cold-spring fluid in the aquifer system. The interaction of the cold-spring
fluids with the volcanic rocks at shallow depth may not be a process to generate the the 87Sr/86Sr ratio
of the hot-spring fluid. The 87Sr/86Sr of the hot-spring fluids in Misasa are probably originated from a
deep and hot fluid, which may be formed by interaction between the hot acidic fluid with the adakitic
rocks in the deep static reservoir for long period.
3.5.5 Radon rich in hot-spring fluids
Dependency of Rn abundance in temperature and pH: Radon is inert gas elements with its con-
servative chemical behavior and it does not attend to any chemical reaction or making complex with
anther substances. It is not dependent on pH as shown in Figure 3.22. The pH is only affected to
elements that are involved chemical reaction or making complexes. In contrast, a solubility of Rn is
considered depending temperature. By experiment, Lewis et al. (1987); Clever (2013) demonstrated
that the solubility of Rn in water decreases with increasing temperature. The temperature of hot-spring
fluids in Misasa showed large variation ranging from 14.2 to 76.4 ◦C. The large variation of Rn abun-
dance corresponds to temperature should be expected. However, the Rn abundance of the hot-spring
fluids shows small variation ranging from 32.7 to 84.4 fgkg−1, except for one sample MSS11 with
352 fgkg−1. The Rn abundance shows no correlation with temperature as shown in Figure 3.22.
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Also, Oshima et al. (1954) reported that there is no correlation between Rn abundance and
temperature for hot springs in Tottori, Japan. Horiuchi et al. (2015) confirmed that Rn abundance of
Misasa hot-springs are not correlated with temperature. Likewise, Dymond et al. (1983); Akawwi
(2014) reported that Rn abundance positively correlates with temperature in case of hydrothermal
waters from Galapogos Spreading Center and Jordan Valley. Therefore, Rn abundance in hot-spring
fluids is not simply controlled by temperature and pH. The geological setting and geochemical
composition of wall rocks and aquifer should be involved (Ilani et al., 2006; Jalili-Majareshin et al.,
2012).
Radioactive in fluid and rocks: Radon is daughter of Ra of which is decay products of U decay
chain. Significant amounts of Ra and U in the fluids or the wall rock in contact with the fluid could be
sources in responding for generation of Rn rich in the hot-spring fluids. Radon rich could be attributed
for direct decay from dissolved Ra and U in the hot-spring fluids or releasing from minerals of the
wall rocks.
In the former case, Nakai (1940); Horiuchi et al. (2015) showed that amounts of Rn found within
hot-spring fluids Misasa are exceeded those of the dissolved Ra. There is no correlation between
Rn abundance and U abundance as shown in Figure 3.23. The hot-spring fluids in Misasa shown
disequilibrium state and the Rn abundance is much higher than the equilibrium state. Therefore, it is
difficult to considered that the dissolved Ra and U are sources to generate Rn rich in the hot-spring
fluids of Misasa area.
In the latter case, significant amounts of Ra and U in minerals of the basement rocks could be
sources to release Rn from rocks into the fluids. The hot-spring fluids in Misasa area are found in area
where dominated by plutonic rocks rather than volcanic rocks. In granitic rocks, the U abundance
is 1.5−4.7 µgg−1, which is similar to that of others on the world (Rosholt and Bartel 1969; Simov
1989, Feineman et al. 2013, and Yemer et al. 2016). In volcanic rocks, the U abundance is 0.21−1.8
µgg−1 (Feineman et al., 2013; Nguyen, 2018), which are 5 times lower than those in granitic rocks.
The U abundance in volcanic rocks is, therefore, not considered to be source to generate Rn rich in
the hot-spring fluids. In addition, Sato and Nakamura (1993) reported the Ra abundance of fresh
and weathered granite in Okayama are 1.69 pgg−1 and 0.85- 1.23 pgg−1, respectively. Because the
leaching efficiency of Rn from weathered and fresh granite into the fluid is 6% and 2% (Sato and
Nakamura, 1993), Rn abundance released from the fresh and weathered granite are estimated to be
small as to 2.26 and 3.39-4.92 pgg−1, respectively. In addition, the leaching efficiency of Rn from
minerals into the water reduced with increasing temperature (Sakoda et al., 2008a). Therefore, the
leaching of Rn from rocks into the hot-spring fluids in Misasa is much smaller than that of measured
values, and the granite is not a source to generate Rn to be rich in the hot-spring fluid.
Overall, the Rn rich in the hot-spring fluids in Misasa are not generated by the dissolved Ra and U
in the fluids as well as in the basement rocks. This raise a question of where is real source to generate
Rn rich in the hot-spring fluids. The interpretation based only geochemical aspect is not enough
to answer the question. In the next chapter, a combination of geochemical data with geology and
geophysics will help to find the source generating Rn rich in hot-spring fluids in Misasa area.
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3.6 SUMMARY
This study is the first one that have been carried out comprehensive geochemical analyses of
hot-spring fluids in Misasa area. To achieve comprehensive geochemical analyses, author, firstly,
developed techniques to precise determination of abundances of major- and trace-elements in natural
waters, including the FDC-ID-IS that is a combination of freeze-drying preconcentration (FDC) and
isotope dilution internal standardization (ID-IS), and ion chromatography coupled with compact IC
761 Secondly, the author developed techniques to collect hot-spring fluids for analyses of major- and
trace-elements, and Rn. The geochemical composition including abundances of major- and trace
elements, Rn, and 87Sr/86Sr ratio of the hot-spring fluids in Misasa area then have been determined to
identify hot-spring characterization and further to interpret their sources.
There are 57 hot-springs that are located in narrow strip of ∼1.5 km stretching and along Misasa
valley, where basement rocks are dominated by late Tertiary plutonic rocks to early Quaternary
volcanic rocks. The fluid properties are determined for pH, temperature, dissolved oxygen, and electric
conductivity. The pH of the hot-spring fluids show no correlation with temperature. This is because
of the pH is chemical parameter of hydrogen ion activity in water, which is controlled by chemical
reaction during the fluid-rock interaction, rather than that of temperature alone.
Element abundances of hot-spring fluids show variations range by nine orders of magnitudes from
fgg−1 (e.g., REE) to µgg−1 level (e.g., Na). Among the fluids, difference of element abundances is
significant (e.g., [Nd]=0.311 pgg−1 to 19.3 pgg−1). These variations are mainly attributed for fluid
properties such as temperature, pH, oxidation-reduction condition, and scavenging with anions.
In general, the hot-spring fluids with higher temperature and lower pH have higher abundances of
elements, suggesting that solubilities of elements are likely controlled by temperature and pH. This is
because of the fluids are active and progressively react with the wall rocks at higher temperature and
lower pH. During fluid-rock interaction, H+ ion is consumed due to chemical exchanges with cations
of the wall rocks, as a consequence, the fluid become more neutral and having more dissolved cations
that released from the wall rocks. The negative trend of the hot-spring fluids and volcanic rocks, but
plutonic rocks is inferred from correlation between Li/Cs ratio and Rb/Sr ratio, suggesting that the
hot-spring fluids are probably reacted with the volcanic rocks at the depth.
Chlorine is the most dominant element in the hot-spring fluids, and with abundances from 70.4 to
688µgg−1. The hot-spring fluids in Misasa are 20 km far from Sea of Japan, of which abundance of
Cl is ∼100 and 44 times higher and lower than that of the surface water and sea water, respectively.
Although amphibole and biotite contain significant abundance of Cl that fall in the range of the
hot-spring fluid, they are minor minerals in rocks. The possibility that Cl released by dissolution of
the minerals into the fluids is expected to be small. It is, therefore, difficult to consider the surface
water and sea water and minerals are source to supply Cl through infiltration and intrusion into to the
hot-spring reservoir, respectively. The negative correlation between abundance of Cl and temperature,
suggesting that the initial fluids may come from the depth of reservoir, where Cl is probably derived
from magma fluids.
Correlations among element abundances, temperature, and pH have been led into a hypothesis that
the initial fluid with high temperature and low pH may come from the depth of hydrothermal reservoir.
The estimation of temperature of hydrothermal reservoir using Na-K-Mg diagram (Giggenbach,
1988) is varied ranging from 120◦C to 200◦C, indicating that they are probably originated from
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heterogeneous high temperature reservoir. Most the hot-spring fluids fall into the immature fluid and
partial equilibrated field of the diagram, suggesting that interaction of the fluid and rock have not been
reached to an equilibrium.
The normalized-UCC patterns of major elements for hot-spring fluids in Misasa is characterized
by positive spikes of Cl, S, Na, and F and strong negative spike of Mg, which differ from those of
sea water and river water. The strong negative spike of Mg occurred in the hot-springs, but the sea
water and river water, is explained by Mg incorporated into smectite hydroxide during fluid-rock
interaction at high temperature. The normalized-UCC patterns of trace elements show negative slopes
with positive spikes of Br, Li, Cs, Tl, Pb, and Be and negative spike of V. The positive spikes of Br, Li,
Cs, Tl, Pb, and Be are resulted from the fluid-rock interaction, while the negative spike of V is likely
related to precipitation of Fe oxyhydroxide.
The normalized-CI patterns of REEs show flat patterns and slightly positive slopes that differ from
those of the basement rocks of which have negative slopes. This suggests that abundances of REEs are
not simply inherited from the basement rocks during the fluid-rock interaction, although abundances
of ∑REEs are negatively correlated with pH. The abundances of ∑REE are positively correlated with
that of Cl and S, suggesting that REEs scavenging with anions Cl− and SO2−4 may control stability of
REEs in the fluids. In addition, the La/Lu ratio is positively correlated with abundances of Fe and Ca,
suggesting that the fractionation of REEs is also controlled by precipitation of Fe oxyhydroxide and
calcite. The precipitation of Fe oxyhydroxide and calcite are also responsible for negative anomalies
of Ce and Eu, which is inferred from positive correlation between abundances between elements (Fe
and Ca) and those of elements (Ce and Eu), respectively.
Based on REEs, the hot-spring fluids in Misasa area is classified into three groups. The group I is
characterized by higher temperature, lower pH, and higher abundances of ∑REEs, while the group II
is characterized by lower temperature, higher pH, and lower abundances of ∑REEs. The group III is
characterized by variation in temperature and pH, and lowest abundances of ∑REEs.
The 87Sr/86Sr ratios of the hot-spring fluids are much lower than that of meteoric water (rain
water) and sea water, suggesting that the source of Sr is from neither the meteoric water nor sea water.
The 87Sr/86Sr ratios of the hot-spring fluids are much lower than the granitic rocks and fall into the
range of the volcanic rocks, indicating that the fluid have been reacted with the volcanic rocks at the
depth. The 87Sr/86Sr ratios of the cold-spring fluids stay almost constant for 6 years, and are higher
than those of the hot-spring fluids, suggesting that the 87Sr/86Sr ratio of the hot-spring fluids does not
affect by the cold-spring fluids.
The hot-spring fluids in Misasa area are uniquely characterized by the highest Rn abundance
on the world with consideration of temperature ≥36.7◦C. The sources to generate Rn rich in the
hot-spring fluids are neither from Ra of the hot-spring fluids nor that of the basement rocks. Because
the dissolved Ra in the hot-spring fluids are extremely low, it is not a source to generate Rn rich in the
hot-springs. Although, the Ra in the basement rocks is much higher than that of the hot-spring fluids,
it is also ruled out as important sources to generate Rn rich in hot-spring fluids, because of very low
leaching efficiency of Rn into the solution. The source to generate Rn rich in the hot-spring fluids
still remains unclear because of lack of information of geology and geophysics. The next chapter,
geochemical data combined with geology and geophysics will give powerful evidences to interpret the
source generating Rn rich in hot-spring fluids in Misasa area.
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Table 3.1: List of hot-spring water samples
code Date latitude[
◦N] longitude[
◦E] temperature[
◦C] pH
MSS-02-1 28-Apr-13 35.41318 133.88579 47.5 7.00
MSS-03-1 28-Apr-13 35.41299 133.88596 60.8 7.40
MSS-06-1 28-Apr-13 35.41241 133.88927 57.6 7.30
MSS-01 26-May-16 35.41387 133.88596 74.5 6.80
MSS-02-2 26-May-16 35.41365 133.88789 67.1 7.00
MSS-03-2 26-May-16 35.41400 133.88729 72.2 6.85
MSS-06-2 26-May-16 35.41243 133.88927 47.3 6.78
MSS-04 26-May-16 35.41365 133.88788 56.2 6.84
MSS-05 26-May-16 35.41242 133.88930 64.5 6.82
MSS-07 26-May-16 35.41312 133.88678 46.3 6.89
MSS-08 26-May-16 35.41294 133.88367 43.1 7.23
MSS-09 26-May-16 35.41291 133.88293 39.2 7.61
MSS-10 27-May-16 35.41242 133.88699 54.8 7.56
MSS-11 13-Jun-16 35.41212 133.89189 43.3 6.46
MSS-12 13-Jun-16 35.41001 133.89467 68.1 7.06
MSS-15 13-Jun-16 35.40954 133.89441 38.5 7.08
MSS-14 13-Jun-16 35.40966 133.89453 64.2 7.10
MSS-13 13-Jun-16 35.40982 133.89478 57.7 6.82
MSS-16-1 13-Jun-16 35.41013 133.89438 76.4 6.90
MSS-16-2 14-Jun-16 35.41013 133.89438 70.5 7.30
MSS-17 14-Jun-16 35.40979 133.89394 64.2 6.91
MSS-18-2 14-Jun-16 35.41032 133.89409 63.7 6.84
MSS-18-1 14-Jun-16 35.41206 133.88788 49.9 6.90
MSS-19 14-Jun-16 35.41206 133.88788 53.3 6.40
MSS-20 14-Jun-16 35.41052 133.89403 49.1 6.79
MSS-21-1 14-Jun-16 35.41203 133.89125 43.6 6.48
MSS-21-2 14-Jun-16 35.41214 133.89122 61.9 6.26
MSS-22 14-Jun-16 35.41159 133.89122 60.3 7.20
MSS-23 14-Jun-16 35.41158 133.89125 64.0 6.28
MSS-24 14-Jun-16 35.41192 133.89131 70.3 6.31
MSS-25 14-Jun-16 35.41189 133.89006 56.0 6.46
MSS-26-1 14-Jun-16 35.41253 133.89032 74.4 6.38
MSS-26-2 14-Jun-16 35.41242 133.88969 61.8 6.80
MSS-27 14-Jun-16 35.41141 133.89317 48.5 6.88
MSS-28-1 14-Jun-16 35.41145 133.89177 56.4 6.44
MSS-28-2 14-Jun-16 35.41156 133.89226 68.0 7.24
MSS-29-1 15-Jun-16 35.40826 133.86742 35.4 6.33
MSS-29-2 15-Jun-16 35.40829 133.86731 33.2 6.53
MSS-30 15-Jun-16 35.40852 133.89871 20.4 −
MSS-31 15-Jun-16 35.41104 133.89265 49.2 6.65
MSS-32 15-Jun-16 35.40326 133.91398 14.2 −
MSS-33-1 15-Jun-16 35.40794 133.89853 51.1 7.10
MSS-33-2 15-Jun-16 35.40781 133.89825 37.7 6.41
MSS-34-2 15-Jun-16 35.41077 133.89592 64.5 6.87
MSS-34-1 15-Jun-16 35.41077 133.89592 41.6 7.36
MSS-35-1 16-Jun-16 35.41070 133.89590 57.2 7.50
MSS-35-2 16-Jun-16 35.41043 133.89412 56.5 7.10
MSS-36 16-Jun-16 35.40964 133.89626 50.5 7.20
MSS-37-1 16-Jun-16 35.40999 133.89458 66.1 7.10
MSS-37-2 16-Jun-16 35.40999 133.89458 55.2 −
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Table 3.1: Continued
code Date latitude[
◦N] longitude[
◦E] temperature[
◦C] pH
MSS-38 16-Jun-16 35.40998 133.89456 61.0 7.50
MSS-39 17-Jun-16 35.40991 133.89438 57.2 7.10
MSS-40 23-Jun-16 35.41358 133.89014 67.0 6.63
MSS-41 23-Jun-16 35.41396 133.88930 71.0 6.86
MSS-42 2-Aug-16 35.41000 133.89471 55.0 7.41
MSS-43 2-Aug-16 35.40986 133.89501 16.6 7.10
MSS-44 7-Aug-16 35.41208 133.89164 50.1 6.69
MCS-01 05-Dec-16 35.41215 133.87602 16.5 6.52
MCS-02 05-Dec-16 35.41046 133.88228 15.0 7.00
The MSS and MCS indicate for hot-spring fluids and cold-spring fluids in Misasa. Symbol “− ” indicate that sample is not
determined for pH.
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Table 3.2: Temperature (T), pH, electric conductivity (EC), dissolved
oxygen (DO), abundances of elements, and Sr isotopic composition found
within Misasa hot springs.
MSS-01 MSS-05 MSS-07 MSS-03-2 MSS-16-2 MSS-35 MSS-02-1 MSS-03-1 MSS-06-1 MSS-17
T
◦C 74.5 64.5 46.3 72.2 70.5 57.1 47.5 60.8 60.2 64.2
pH 6.80 6.86 6.82 6.85 7.30 7.50 7.00 7.00 7.30 6.91
ECµS 2.98 2.25 2.04 2.61 2.50 1.01 − − − −
DOµgg
−1
1.12 3.22 5.50 7.04 3.21 6.30 − − − −
Liµgg
−1
1.69 1.42 1.60 1.14 2.43 0.700 1.31 1.55 0.890 1.44
Nµgg
−1
0.264 0.185 0.195 0.216 0.213 − − − −
Fµgg
−1
5.72 4.41 5.62 5.19 5.12 1.92 − − − −
Sµgg
−1
49.0 34.4 42.4 64.6 34.9 18.38 − − − −
Clµgg
−1
588 482 468 615 425 195 − − − −
Bengg
−1
1.83 1.24 2.31 1.48 1.14 0.0348 1.54 1.30 0.390 0.560
Naµgg
−1
646 449 455 395 360 189 338 368 337 307
Mgµgg
−1
3.18 1.91 2.45 2.22 1.52 4.38 1.30 1.47 1.02 1.76
Alngg
−1
4.01 1.76 0.613 1.82 6.30 4.16 1.15 1.10 2.23 2.62
Pngg
−1
2.08 6.82 2.71 1.45 7.98 7.63 8.41 3.42 2.33 7.39
Kµgg
−1
29.0 23.6 22.1 25.5 18.3 7.58 16.9 18.9 9.48 15.2
Caµgg
−1
49.4 29.0 35.5 49.0 29.1 27.1 16.2 19.7 16.2 28.8
Scpgg
−1
1.04 1.12 <0.0587 0.309 0.0943 0.0840 0.518 0.342 5.58 0.162
Vngg
−1
0.00331 0.0404 0.0129 0.00223 0.167 4.28 0.289 0.0127 0.0539 0.337
Mnngg
−1
236 167 157 160 60.9 1.45 63.3 111 49.3 163
Fengg
−1
115 135 70.0 710 8.38 12.4 13.5 16.0 292 42.0
Copgg
−1
93.7 7.67 24.0 3.94 9.96 1.49 12.0 4.45 115 4.48
Nipgg
−1
146.2 35.8 71.0 22.5 32.5 48.6 65.1 38.2 16.0 30.9
Cungg
−1
0.0230 0.789 0.169 0.0049 0.259 0.0640 0.175 0.104 0.0923 0.0197
Znngg
−1
0.160 5.18 1.99 0.135 0.801 0.129 0.45 1.65 2.23 0.443
Gapgg
−1
196 73.0 15.9 46.8 240 50.8 36.5 65.6 57.1 78.1
Brµgg
−1
1.33 0.992 0.686 1.46 0.840 0.405 − − − −
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Table 3.2: Continued
MSS-01 MSS-05 MSS-07 MSS-03-2 MSS-16-2 MSS-35 MSS-02-1 MSS-03-1 MSS-06-1 MSS-17
Rbngg
−1
201 186 132 185 141 23.8 83.9 118 66.0 100
Srµgg
−1
1.164 0.618 0.480 0.692 0.580 0.291 0.423 0.582 0.270 0.509
Ypgg
−1
298 84.0 75.2 254 13.2 5.47 24.6 36.6 19.0 5.44
Cdpgg
−1
1.29 42.8 0.91 2.89 1.47 17.7 <0.0100 13.7 0.180 7.37
Inpgg
−1
0.564 0.432 0.360 1.337 0.393 0.0752 0.391 0.414 0.0800 0.345
Csngg
−1
195 177 147 244 134 13.1 78.6 115 59.0 89.3
Bangg
−1
39.9 15.1 17.9 30.5 9.44 0.237 11.3 20.6 4.30 14.2
Lapgg
−1
8.55 5.42 7.731 14.7 1.48 0.835 3.67 4.57 1.30 1.12
Cepgg
−1
18.1 6.72 14.634 28.1 1.69 0.443 5.15 8.38 2.20 1.21
Prpgg
−1
2.49 0.996 2.16 4.18 0.308 0.197 1.01 1.44 0.320 0.187
Ndpgg
−1
10.9 5.50 10.5 19.3 2.05 0.536 5.39 6.39 1.70 1.24
Smpgg
−1
4.53 2.35 3.55 7.26 0.925 0.482 1.80 2.35 0.700 0.663
Eupgg
−1
1.61 0.318 0.415 2.45 0.393 0.155 0.251 0.348 0.170 0.208
Gdpgg
−1
10.1 4.42 6.02 16.2 1.48 <0.0411 3.08 3.77 1.50 1.24
Tbpgg
−1
2.57 0.890 1.02 3.73 0.290 0.0712 0.418 0.607 0.200 0.127
Dypgg
−1
23.8 6.52 6.82 28.9 1.24 0.502 3.07 3.95 1.80 0.754
Hopgg
−1
6.25 1.52 1.50 6.95 0.310 0.103 0.652 0.873 0.400 0.147
Erpgg
−1
21.6 4.16 4.08 22.4 0.973 0.432 2.13 2.53 1.30 0.588
Tmpgg
−1
3.37 0.499 0.524 3.05 0.169 0.120 0.312 0.278 0.190 0.109
Ybpgg
−1
22.5 2.61 2.99 19.8 1.22 0.544 2.16 1.70 1.10 0.758
Lupgg
−1
3.44 0.409 0.554 3.24 0.353 0.0928 0.362 0.240 0.200 0.231
Tlpgg
−1
433 395 297 497 322 27.7 230 311 135 207
Pbpgg
−1
10.9 269 66.8 8.31 58 72.4 189 1047 167 78.7
Bipgg
−1
<0.00179 0.414 0.393 0.078 0.122 0.643 1.68 0.553 1.40 0.441
Thpgg
−1
0.0919 0.151 0.230 <0.0108 0.365 0.295 0.285 0.124 0.250 0.245
Upgg
−1
19.6 102 83.4 183 528 7080 86.6 56.5 175 497
Rnfgg
−1
0.0473 0.0639 0.0592 0.0512 0.0459 0.0510 0.0479 0.0327 0.0439 −
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Table 3.2: Continued
MSS-01 MSS-05 MSS-07 MSS-03-2 MSS-16-2 MSS-35 MSS-02-1 MSS-03-1 MSS-06-1 MSS-17
87Sr/86Sr 0.70607 0.70604 0.70601 − − − 0.70609 0.70606 0.70609 −
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Table 3.2: Continued
MSS-10 MSS-29 MSS-02-2 MSS-11 MSS-21-1 MSS-24 MSS-26 MSS-34 MSS-36 MCS-01 MCS-02
T
◦C 54.8 33.2 67.1 43.3 43.6 70.3 74.4 41.6 50.5 16.5 15.0
pH 7.56 7.40 7.00 6.46 6.48 6.31 6.38 7.36 7.20 6.52 7.00
ECµS − − − 1.48 1.72 − 3.10 0.52 − − −
DOµgg
−1 − − − 6.50 2.36 − 3.45 2.59 − − −
Liµgg
−1
0.291 0.551 1.36 0.936 0.730 1.80 1.97 0.161 0.301 0.00236 0.00483
Nµgg
−1 − − − 0.659 − 0.260 0.471 − − −
Fµgg
−1 − − − 1.83 3.58 − 4.64 0.711 − − −
Sµgg
−1 − − − 27.0 25.6 − 52.3 9.95 − − −
Clµgg
−1 − − − 355 371 − 688 70.4 − − −
Bengg
−1
0.115 0.00545 1.00 1.17 0.36 1.60 1.69 0.00497 0.0117 0.0222 0.00273
Naµgg
−1
62 255 − − − − − − − 13.1 11.3
Mgµgg
−1
0.48 0.66 − − − − − − − 1.12 4.78
Alngg
−1
7.13 1.84 − − − − − − − 0.092 0.219
Pngg
−1
3.50 4.93 − − − − − − − 50.5 68.6
Kµgg
−1
3.48 3.95 − − − − − − − 0.674 0.755
Caµgg
−1
7.92 8.73 − − − − − − − 2.67 8.77
Scpgg
−1
0.0401 0.0903 − − − − − − − 0.0798 0.116
Vngg
−1
1.27 0.536 − − − − − − − 0.457 0.677
Mnngg
−1
1.11 2.27 − − − − − − − 0.0988 0.0637
Fengg
−1
3.89 2.00 − − − − − − − 0.103 0.0631
Copgg
−1
2.70 1.09 − − − − − − − 7.36 1.96
Nipgg
−1
59.0 9.71 − − − − − − − 8.11 11.2
Cungg
−1
0.555 0.353 − − − − − − − 0.00256 0.00388
Znngg
−1
0.431 1.81 − − − − − − − 0.252 0.211
Gapgg
−1
321 61.0 − − − − − − − 0.705 4.16
Brµgg
−1 − − − 0.677 0.714 − 2.11 0.223 − − −
Rbngg
−1
26.2 12.9 165 135 94.4 335 334 4.06 17.4 0.0750 0.0295
Srµgg
−1
0.123 0.216 0.795 0.609 0.437 1.01 0.94 0.142 0.326 0.0252 0.133
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Table 3.2: Continued
MSS-10 MSS-29 MSS-02-2 MSS-11 MSS-21-1 MSS-24 MSS-26 MSS-34 MSS-36 MCS-01 MCS-02
Ypgg
−1
1.54 6.59 319 17.2 26.3 8.2 235 3.32 4.14 6.22 18.1
Cdpgg
−1
19.7 1.40 3.24 2.54 3.21 26.0 8.74 0.725 3.79 0.244 0.359
Inpgg
−1
0.0666 0.134 0.120 0.0667 0.0946 0.395 0.563 <0.0009 0.0009 0.00203 0.0033
Csngg
−1
22.0 0.6 129 109 70.2 268 286 1.7 9.3 0.00032 0.00014
Bangg
−1
0.118 3.77 12.6 6.80 11.1 19.8 23.0 0.656 1.97 1.17 0.538
Lapgg
−1
1.159 0.481 17.1 4.389 1.406 6.65 10.4 0.422 0.799 2.425 4.72
Cepgg
−1
<0.0288 0.216 27.5 6.257 4.182 5.58 14.6 0.308 0.424 0.821 0.167
Prpgg
−1
0.125 0.092 3.48 0.759 0.626 0.939 1.65 0.090 0.239 0.305 0.531
Ndpgg
−1
0.747 1.02 18.6 4.16 4.49 3.60 7.40 0.311 0.774 1.45 2.65
Smpgg
−1
0.377 0.504 7.11 0.996 1.59 0.665 3.27 0.077 0.120 0.232 0.412
Eupgg
−1
0.088 0.153 1.61 0.237 0.463 0.250 0.88 0.023 0.072 0.025 0.0327
Gdpgg
−1
0.400 0.865 14.4 1.26 2.53 1.16 11.0 0.210 0.522 0.479 0.910
Tbpgg
−1
0.042 0.095 2.98 0.291 0.558 0.269 2.32 0.037 0.083 0.073 0.125
Dypgg
−1
0.137 0.460 21.1 1.58 3.70 0.771 17.6 0.267 0.411 0.499 0.898
Hopgg
−1
0.063 0.185 5.25 0.399 1.02 0.395 4.21 0.096 0.106 0.138 0.276
Erpgg
−1
0.129 0.640 17.1 1.20 3.29 0.601 11.8 0.372 0.352 0.429 0.917
Tmpgg
−1
0.053 0.108 2.33 0.214 0.530 0.149 1.62 0.081 0.064 0.058 0.142
Ybpgg
−1
0.270 0.649 15.2 1.54 4.04 1.02 9.0 0.726 0.810 0.451 0.868
Lupgg
−1
0.051 0.108 2.80 0.327 0.679 0.286 1.41 0.159 0.184 0.079 0.160
Tlpgg
−1
22.2 3.61 230 186 138 472 658 1.27 15.5 0.120 0.0768
Pbpgg
−1
405 55.2 461 173 7.98 62.6 766 23.5 179 5.360 0.0944
Bipgg
−1
4.869 0.071 0.189 0.485 0.090 0.297 0.178 0.205 0.032 0.010 0.0188
Thpgg
−1
0.106 0.180 0.181 1.984 0.391 0.278 0.163 0.087 0.100 0.077
Upgg
−1
2183 854 927 278 365 1311 78.1 233 585 373 185
Rnfgg
−1 − − − 0.352 0.0778 − 0.0423 0.0844 − − −
87Sr/86Sr − − − − − − − − − 0.70629 0.70628
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Symbols “− ” and “ < ” indicate that elements are not determined and below sample detection limit (C=35).
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Figure 3.1: Geologic map of Misasa area, Tottori region, southwestern Japan. Geological map is reference to Geological Survey of Japan, AIST (ed.). (2010).
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Figure 3.2: Schematic illustration of filtering system for collection of hot-spring fluids.
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Figure 3.3: A schematic illustration of Rn collection from hot-spring fluid.
76
Figure 3.4: No defined relationship between temperature and pH of hot-spring fluids in Misasa are.
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Figure 3.5: Correlation of temperature (T) and pH with abundances of major elements (Cl, S, Na, and K).
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Figure 3.6: Correlations of T and pH and abundances of trace elements (Rb, Sr, Nd, and U).
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Figure 3.7: Correlation between Li/Cs ratio and Rb/Sr ration for Misasa hot- and cold-spring fluids
and volcanic and granitic rocks. Data of volcanic and plutonic rocks are from Nguyen (2018) and
Yemer et al, (2016) (personal communication), respectively.
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Figure 3.8: The relationship between abundances of major cations (Na, Mg, K, and Ca) and those of major anions (Cl and S) of Misasa hot-spring fluids.
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Figure 3.9: The relationship between abundances of trace elements (Ba, Sr, Nd, and U) and those of major cations (Cl and S).
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Figure 3.10: Ternary Na-K-Mg diagram for the hot-spring fluids and cold-spring fluids in Misasa.
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Figure 3.11: Abundances of 48 elements of hot-spring fluids (HSF) in Misasa. Element abundances were normalized by those of upper crustal continents (UCC;
Rudnick and Gao, 2003) and aligned as a function of solubility of elements estimated from partition coefficient between seawater and upper crust (Tayloy and
McLennan, 1985; Rudnick and Gao, 2003; Li et al., 2011). The dot line indicates sample detection limit for (C ∼35).
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Figure 3.12: Major-element abundances of hot-springs fluids in Misasa are compared with those of other hot-springs from granitic basement, and sea water, and
river water (Kusuda et al., 2014; Lee et al., 2011; Li et al., 2011; Taniguchi et al., 2008), respectively. Element abundances were normalized by those of upper
crustal continents (UCC; Rudnick and Gao, 2003) and aligned as a function of solubility of elements estimated from partition coefficient between seawater and
upper crust (Tayloy and McLennan, 1985; Rudnick and Gao, 2003; Li et al., 2011)
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Figure 3.13: Abundances of REE of hot- and cold-spring in Misasa area. The hot-spring fluids are classified into three groups, which are group I (a), group II
(b), and group III (c). Abundances of REEs of the cold-spring fluids (d) are identical to that of the hot-spring fluids by both negative spikes of Ce and Eu. The
granitic rocks (d), and volcanic rocks (e). Abundances of REEs of granitic and volcanic rocks Yemer et al., (2016) (personal communication) and Nguyen (2018),
respectively, are identical to those of the hot-spring fluids by negative slops. Abundances of REEs are normalized to those of CI chondrite (Anders and Grevesse,
1989). The dot line indicate for sample detection limit (C=35).
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Figure 3.14: The relationship between abundances of total REEs (∑REE) and temperature (T) and pH.
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Figure 3.15: The relationship between ∑REEs and Cl and S.
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Figure 3.16: The relationship between (La/Lu)n ratio and abundances of Fe and Ca.
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Figure 3.17: The relationships between abundances of Fe and Ca and those of Ce and Eu for hot-spring and subsurface cold-spring fluids in Misasa.
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Figure 3.18: The relationship among abundances of Ce and Fe and temperature and pH for hot-spring and subsurface cold-spring fluids in Misasa.91
Figure 3.19: The relationship between 87Sr/86Sr ratio and temperature and pH for the hot-spring and subsurface cold-spring fluids.
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Figure 3.20: Interactions of fluid-rock for the hot-spring fluids and the basement rocks as function of
87Sr/86Sr ratios against 1000/Sr.
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Figure 3.21: Variation of 87Sr/86Sr ratio of hot-spring fluid and cold-spring fluid in Misasa area as
function of time rang from 2010 to 2016.
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Figure 3.22: The relationship between Rn abundances and the fluid properties (temperature and pH).
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Figure 3.23: The relationship between abundance of Rn and that of U.
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Chapter 4
ORIGIN OF RADON RICH
HOT-SPRING FLUIDS IN MISASA
AREA
4.1 INTRODUCTION
Radon has 36 radioactive isotopes, and none of them is stable isotope. Radon has two most longest
half-life isotopes, which are 222Rn and 220Rn. The 222Rn has a half-life (t1/2) of 3.82 days and directly
decay from 226Ra, which is a decay product of 238U decay chain. The 220Rn has a t1/2 of 55.6 seconds
and directly decays from 224Ra, which is a decay product of 232Th decay chains. The 220Rn with short
t1/2 (55.6 seconds), is not concerned in this study.
Radon is unique among 13 radioactive decay products of U decay chain. This is due to its
chemically inert and noble gas elements, which does not react with other chemical components or
make any complex in fluids. The disturbance of Rn abundance resulting of chemical reaction with
other elements or substances in fluids, rocks and soils is negligible. As Rn is radioactive element, it can
be detected even at extremely low abundance. Therefore, Rn is a very sensitive geochemical methods
for not only geothermal source exploration, study of active geological faults, and in earthquake
prediction, but also for prospecting hidden U deposits (Gingrich and Fisher, 1976; Fleischer, 1997;
Fleischer and Mogro-Campero, 1982; Qureshi et al., 1988; Font et al., 2008; Ghosh et al., 2009).
Radon can be transported from its sources within Earth’s crust to the surface by three ways, which
are in solid, fluid, and gaseous phases (Smith and Pournis, 1976; Gingrich and Fisher, 1976; Fleischer
and Mogro-Campero, 1982). In solid state, Rn is transported and released into air or water through
diffusion and flow of air and water. The diffusion rate is hence dependent on porosity. An increase
in diffusion is resulted from high porosity. The release or diffusion of Rn from dried solids into the
air are very small because of absorption of Rn atoms on the surface of minerals or filled into pores
and fractures in the solid. If flows of water or air pass through pores or fractures of the solid, Rn will
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have an opportunity to enter into surrounding water or air phase, and it will be further transported by
convective flow or percolation.
In natural water environment, Rn is very soluble in water and the diffusion coefficient of Rn in
water is very small 1.15 cms−1 (Horiuchi, 1998), and therefore the transportation of Rn by the water is
the most important. In the hydrothermal system, Rn can be brought to the surface by fluid convection,
which is strongly effective in the area of high permeability or fractures such as fault systems and
shear zone. The hot-spring fluid is typical fluid of which generated within hydrothermal system.
Many high Rn abundance in hydrothermal system are found in association with the occurrence of
the hot-spring fluids (Weng and Lin, 1995; Nishizawa et al., 1998; Horvath et al., 2000). The Rn
abundance in hot-spring fluids is strongly dependent on that of Ra in hydrothermal fluids of which is
tern out dependent on Ra abundance of wall rocks or ore body of aquifer.
In Japan, there are more than 4536 hot springs of which majority is distributed in the western
part of Japan (Muraoka et al., 2006). Among them, hot spring fluids in Misasa are well-known as
high temperature and Rn-rich hot springs. Although Misasa hot springs have been studied on the
radioactive hot springs for more than 100 years, the origin of Rn-rich in hot springs is still under
debates.
The Rn-rich in hot springs come from granite rather than in the hot springs or geologically formed
from granite strata (Oshima et al., 1954; Inagaki et al., 2005), respectively. Mifune (1981) interpreted
that the Rn-rich in hot springs in Misasa is originated from the spring sediment containing Ra lying
close to ground surface. In contrast, the dissolved Ra in groundwater is considered to be a main source
to generate Rn-rich in hot-spring Horiuchi and Murakami (1979). Moninaga et al. (1984) suggested
that the evidence of source for Rn-rich hot-spring fluids comes from Ra-rich in deeper aquifers.
Horiuchi (1998) considered that the Rn abundance is 2-3 orders higher than that of equilibrium amount
of Ra in groundwater, which is therefore not source to generate Rn-rich in hot springs. He also
hypothesized that Rn-rich in hot-spring fluids come from ground water from the depth of Rn-rich
passing through the deposit layer of the spring near the ground surface. However, Rn abundance of
groundwater found in well in Misasa area reported by Koga et al. (1996) is much lower than that of
hot springs, suggesting that groundwater is unlikely source of Rn-rich in hot springs.
There are occurrences of many mineral deposits of U and Th found in areas of Misasa, Shimane,
and Sarugajo. The mineral deposits contain the large amount of Ra of rank at the top or second on the
world (Horiuchi, 1998). The red brown sinters occasionally found in the distributing pipe in Misasa
contain high Rn abundances (33 ngg−1) are reported by Mifune and Seno (1986). These information
provide very important clues for seeking source to generate Rn-rich in hot springs. With combination
of knowledge of geology, geophysics and geochemistry, this study attempts to figure out the potential
sources to generate Rn-rich hot-spring fluids in Misasa area, Tottori, southwest Japan.
4.2 A COMPREHENSIVE OBSERVATION
4.2.1 Tectonic setting
Misasa area is situated in central part of Tottori region, SW Japan where the Philippine Sea plate
subducts from the Nankai Trough. Geographic distribution of faults and shear zone in Tottori region,
southwestern Japan is shown in Figure 4.1. The main structure of this area is characterized by north
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Choguku shear zone (Gutscher and Lallemand, 1999) or the Southern Japan Sea Strike Slip Fault Zone
(Iio et al., 2002). They are presumably right-lateral strike slip fault zones in the San-in region which is
the northern part of westernmost Honshu facing the Japan Sea (Nishimura and Takada, 2017). Several
recent large earthquakes were with magnitudes of M7.3 and M6.6 of years 2000 and 2016 in western
Tottori and central Tottori in the Sanin region, which means that the region is seismo-tectonically
active. Recently, the area is considered as a part of developing and young the San-in shear zone, which
accommodates a right-lateral strike slip movement with a width of ∼50 km (Nishimura and Takada,
2017). There are some active faults parallel and oblique to the overall trend of the San-in shear zone,
but no single active fault coincides with the San-in shear zone (Nishimura and Takada, 2017).
4.2.2 Large earthquakes
Another important feature of Misasa area, Tottori, southwest Japan is seismically and tectonically
active region. In this region, the young Philippine Sea plate (15-40 My) has been subducting beneath
the Eurasian plate, whereas the old Pacific plate (110-130 My) has been descending below the PHS
plate, causing intense shallow and intermediate-depth seismicity and volcanic activities (Kimura et al.,
2005; Sano et al., 2009). Many large earthquakes including the western Tottori earthquake 2000 (M7.3)
and central Tottori earthquake 2016 (M6.6) were occurred in this region. The spatial relationship
between distribution of earthquakes and fault systems in Misasa and vicinity area in Tottori region,
SW Japan is shown in Figure 4.3. The large earthquake (M≥6) is closely distributed near the active
faults and shear zone, suggesting that oblique seismicity is likely related to fault systems and shear
zone.
Based on high-resolution model of seismic tomography, Zhao et al. (2018) reported that beneath
Tottori region, there are a prominent low velocity (V=−2 to−4%) and high Poisson’s ratio (σ=3−8%)
anomaly, and low-frequency micro-earthquakes in the lower crust and uppermost mantle, reflecting
ascent of magmatic fluid from the upper mantle to the crust (see Figure 4.4). He concluded that the
ascent of magmatic fluids migrating through the shear zones may have triggered the 2000 and 2016
Tottori earthquakes. Seismic velocity and Poisson ratio can be affected by temperature, pressure, fluid
content, lithology, and anisotropy in the crust and mantle (Christensen and Mooney, 1995; Zhao et al.,
2018). In practically, low seismic velocity and high Poisson ratio can be a indicator for anomalies
of temperature and fluid content (Zhao et al., 2018). The high temperature anomaly beneath Tottori
region is though to be linked to the hot and wet upwelling flow of upper mantle and Philippine Sea
slab melting (Feineman et al., 2013; Kimura et al., 2014; Zhao et al., 2018).
4.2.3 Helium anomaly
The 3He is essentially primordial and retained in the Earth’s interior, whereas 4He is mainly produced
in the crust by the decays of U and Th that are concentrated in U in the crust. The 3He/4He ratio
of crust is with ≤0.02 R/RA (RA is the 3He/4He ratio of atmospheric helium: 1.4×10−6), whereas
that of upper and lower mantle derived materials is with R/RA of ∼8 and 8-35, respectively (Ozima
and Podosek, 2002). According to Sano and Nakajima (2008), when the R/RA is ≥4, contribution of
mantle-delivered helium to samples is more than 50%.
The spatial relationship between distribution of 3He/4He ratio and fault systems in Misasa and
vicinity area in Tottori region, SW Japan is shown in Figure 4.2. The distribution of high 3He/4He
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ratios (R/RA ≥4) in Misasa, Sekigane, Yonago, and Tottori city area is coincided with active faults and
shear zone (Sano and Nakajima, 2008; Umeda and Ninomiya, 2009; Onda et al., 2018). The 3He/4He
ratio is ≥4 times the normal atmospheric value, supporting that the mantle-delivered helium from
magma source generated below the Philippine Sea Plate is a significant contribution to the surface
(Umeda et al., 2012; Onda et al., 2018; Zhao et al., 2018).
4.2.4 Surface exposure of U ore deposits
In Tottori and vicinity region, there are many surface exposure of U ore deposits as shown in Figure
4.1. Several U deposits are distributed along faults, shear zone, and in the margins of the granite
massif. There is a well developed mineral zonality where the surface exposure U deposits found.
The occurrence U ore deposits associate with well-developed mineral zonalities of the silicification,
carbonitization, and argilization (Hida et al., 1961). Some U minerals such as uraninite, monazite, and
coffinite are recognized in the dark vein filling fractured zone in association with fault system and
shear zone. The U ore deposits in this region are closely linked or accompanied with hydrothermal
ore deposits (Hida et al., 1961).
The occurrence U ore deposits are also spatially related with that of hot-spring fluids, which are
known as radioactive hot-springs such as hot-springs in Misasa, Sekigane, and Togo. For example,
Ogamo uranium mine is 8 km west of Misasa hot springs. It is formed in late Cretaceous or early
Paleogene age, and recognized as coffinite accompanying with arsenopyrite and quartz, which occurs
in association with argillized shear zone (Tadao et al., 1959). Some U deposits such as Togo mine and
its regional vicinity found in association with channel structure on the surface of uncoformity of the
granites (Sugiyama et al., 1963). These U deposits are considered to be originated from epigenetic
and U deposited from the ground water (Sugiyama et al., 1963). Spatial association of distribution of
U deposits with fault systems and shear zone, as well as radioactive hot springs, implying that the
surface exposure of U ore deposits may be an important clues for seeking hidden U ore deposits.
4.2.5 Distribution of hot-springs in Misasa and regional vicinity
Hot-springs in Misasa region, Tottori, Japan are situated in non-volcanic regions, where basement
rocks are dominated by late Tertiary granitic to early Quaternary volcanic rocks (Murayama and
Ozawa, 1961). There are 57 hot springs in Misasa with temperature ranging from 14.2◦C and 76.4◦C.
These hot-springs occur in narrow area (∼1km2), and majority of hot-springs are distributed along
Mitoku river, running in the narrow basin of the west of the Chugoku range (see Figure 4.5).
Besides 57 hot-spring fluids in Misasa area, there are more than 120 another hot-springs in regional
vicinity of Tottori, southwest Japan. Majority of high temperature of these hot-springs are distributed
along river (Misasa, Sekigane and Tottori) or around lake (Togo and Hawaii), and a coastal side of
Japanese Sea (Kaike and Hamamura), suggesting that sources of hot-spring fluids may be closely
related to surface fluids. Occurrences of these hot-springs are also close to and along fault systems
and shear zone, suggesting that they are structurally controlled. The fault systems and shear zone
play role as channels for hot fluids migrating in deeper hydrothermal reservoir upward, as well as
recharging the surface cold fluids into deeper hydrothermal reservoir.
During migration upward to the surface, the hot-spring fluids play role for not only transferring
heat from deep source, but carrying matters in form of dissolved cations and anions, and gases as
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well. Anomalies Rn and He of the hot-spring fluids are found in Misasa, Sekigane, Togo, and Tottori
(see Figure 4.1, 4.2, and 4.5), indicating they are carried by hot-spring fluids from deeper depth of
hydrothermal reservoir. The surface exposure of U ore deposits in this region are likely linked to
hydrothermal fluids, evidencing that the dissolved U is probably carried by the hydrothermal fluids.
In addition to this region, occurrences of Rn-rich hot-spring fluids are spatially associated with the
surface exposure of U ore deposits, implying that Rn can be released by nearby the surface exposure
U ore deposits or hidden U ore deposits beneath this region.
4.3 SOURCES TO GENERATE Rn-RICH IN HOT-SPRING FLUIDS
4.3.1 Which sources generate Rn-rich in hot-spring fluids?
The relationship between Rn abundance and temperature for hot-spring fluids in Misasa (this study and
Nakai, 1940; Horiuchi et al., 2015) is shown in Figure 4.6. No correlation between Rn abundance and
temperature of hot-springs is determined, suggesting that the Rn abundance is not simply controlled
by temperature. By experiment, Clever (2013) demonstrated that solubility of Rn in water decreases
with increasing temperature. In the fact that Rn abundance has no correlation with temperature of
hot springs in Tottori, Japan (Oshima et al., 1954) or positive correlation with temperature such as
hydrothermal waters from Galapogos Spreading Center and Jordan Valley (Dymond et al., 1983;
Akawwi, 2014), respectively. These suggest that Rn abundance in hot-spring fluids is probably
controlled by geological and hydrological setting including compositions and porousness of wall-rock
types, as well as compositions of aquifers (Dymond et al., 1983; Akawwi, 2014).
Radon is directly produced by Ra decay, which is a product of U decay chain (see Figure 4.7).
The relationship between Rn and its mother element, as well as other elements in an U decay chain is
shown in Figure 4.8. When Rn abundance is reached to a secular equilibrium with Ra, The correlation
between Rn and Ra will be a linearity. The fact that the Ra abundance in hot-spring fluids is too low
compared with that equilibrated with that of Rn. Alternatively, the amounts of Ra in hot-spring fluids
is not enough high to generate Rn rich in the hot-springs. This suggests that in hot-spring fluids, Rn is
disequilibrated with Ra. Thus, amount of Rn is expected to be generated from another sources.
Radon has uniquely physical and chemical properties as gas phase, which is completely different
from its mother (Ra) and grandmother (U). Radium and U are highly incompatible element in
magmatic environment and soluble in water in general. Therefore, possibilities to be a source of Rn
could be variable in nature and strongly depend on Rn’s mother and grandmother. The sources to
generate Rn-rich in fluids may be resulted from decays of dissolved Ra and U in the mineral fluids,
releasing Rn from rocks, magma degassing, or U ore deposits.
In order to find the best possibility to be the source to generate Rn rich in hot-spring fluids,
abundances of Ra and U of different candidates will be evaluated. Note that abundances of Ra and U
equilibrated with Rn in hot-spring fluids are calculated based on secular equilibrium principle, and
shown in Appendix A and B. Comparisons of abundances Ra and U among three possibilities are
shown in Figure 4.9 and 4.10. Each source to generate Rn rich in the hot-spring fluids is discussed in
detail as below.
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4.3.2 Hot-spring fluids
The possibility is that high Rn abundance coming from decay of Ra in hot-spring fluids, can be rejected
as an important source of Rn. If assume that in hot-spring fluids, Rn reaches to a secular equilibrium
state with its mother (Ra) and grandmother (U). To generate Rn abundance to be 32.7−352 fgg−1, Ra
abundance of 4.90×103−52.9×103 fgg−1, corresponding to U abundance of 13.0−140 µgg−1 are
required. However, abundances of Ra and U in hot-spring fluids determined by Nakai (1940) and
this study are with 0.25−18 fgg−1 and 1.96×10−5−7.08 × 10−3 µgg−1, which are 4−5 orders of
magnitude lower than those of the required values, respectively (see Figures 4.9 and 4.10).
In solution, Ra occurs as Ra+2, which behaves much like Ba+2 because of similar ionic potential.
The solubility limit of Ra compounds is not reached, but Ra can be coprecipitated in solution
with Ca and Ba minerals (Langmuir and Melchior, 1985). In low salinity solutions, Ra occurs as
uncomplexed Ra+2. In brines with high concentrations of the respective inorganic ligand, Ra makes
significant complexing with anions such as RaCl+, RaSO4, and RaCO3 (Langmuir and Melchior,
1985). Langmuir and Riese (1985) found Ra is incorporated into barite without substantial Ra/Ba
fractionation from the groundwater ratio. Similarly, based on a correlation between Ra and Ca,
Andrews et al. (1989) suggested that the dissolved Ra in groundwater of the Stripa granite is controlled
by calcite precipitation. The extremely low Ra abundance in hot-spring fluids is therefore result of
removal of Rn by co-precipitation with minerals such as BaSO4 and CaCO3.
It also might be expected that Ra abundance has correlation with U abundance in fluids that have
had a chance to equilibrate with the wall rocks, because of the same 238U decay chain (Gascoyne,
1989). The fact this is rarely found, because they have largely different geochemical properties.
The 230Th is a mother of 226Ra, which is insoluble in solution. Hence, Ra generally present at low
abundance in hot-spring fluids, and it probably does stay with its mother or co-exists with some
minerals such as barite and gypsum. The extremely low abundances Ra and U measured in hot-spring
fluids rule out the possibility of the source of Rn from hot-spring fluids.
4.3.3 Plutonic and volcanic rocks
Basement rocks of the hot-springs are dominated by Tertiary granitic (plutonic) to early Quaternary
volcanic rocks (Murayama and Ozawa, 1961). Some minerals such as zircon, monazite, and apatite
contain significant abundances U and its decays products. They are minor minerals, which mainly
found in the plutonic rocks and infrequently found in volcanic rocks. Radium and Rn are progeny of
U, are formed within minerals. Radon can be leached from minerals into hot-spring fluids when Ra
undergoes decay to generate α particle and Rn. Therefore, it is possible that Rn rich in hot-spring
fluids is result of leaching Rn from minerals in to the fluids.
In plutonic rocks, the abundances of U and Ra are 1.5−4.7 µgg−1 and 1.69 pgg−1 (Sato and
Nakamura 1993 and Feineman et al. 2013, and Yemer et al. 2016), respectively. In volcanic rocks, U
abundance is 0.21−1.8 µgg−1, which are 5 times lower than those in plutonic rocks (see Figure 4.10).
The Ra abundance in volcanic rocks is not available, but it could be expected to be 5 times lower than
that of the plutonic rocks. The abundances of Ra in plutonic rocks are 4-43 times lower than those of
the estimated values equilibrated with Rn in hot-spring fluids (see Figure 4.9). The abundances of U
in plutonic and volcanic rocks are ∼1 and ∼2 orders of magnitude lower than those of the estimated
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values equilibrated with Rn in hot-spring fluids. It is difficult to consider that Rn rich in the hot-spring
fluids are generated from the plutonic rocks.
Of course, amount of Rn can be increased and accumulated in fluids by diffusing from large
volume of basement rocks with small volume and high temperature passing fluid to generate Rn
abundance as high as observed values. However, the diffusing rate of Rn from minerals into solution
is experimentally evidenced that it is independent on grain size (Sakoda et al., 2008b). An increase
in temperature of fluids lead to increase the leaching rate of Rn into air but decreasing the diffusing
rate from minerals into the fluid, because Rn solubility decrease with increasing the fluid temperature
(Lewis et al., 1987; Sakoda et al., 2008b). By experiment, Sato and Nakamura (1993) reported that
the leaching efficiency of Rn from fresh and weathered granite is 2% and 6%, respectively. As a
consequence, amounts of Rn leached from granite by Ra decay is expected to be much smaller than
that found within the hot-spring fluids. The fact that Rn abundance of groundwater in Misasa reported
by Koga et al. (1996) is 0.00246-0.00597 fgg−1, which is 10-100 times lower that those measured in
the hot-spring fluids. Therefore, Rn rich in the hot-spring fluids can not be explained by Ra decay
from the basement rocks.
4.3.4 Magmatic degassing
In hydrothermal system, groundwater can infiltrate into near magmatic source whereby magmatic
gases can be released and dissolved into the hydrothermal fluids. Gases (Rn, CO2, and He)-bearing
hydrothermal fluids migrate upward to surface through convection within hydrothermal system. They
could be released from magma source, as well as diffused from cooling and crystallization of magma
flow, dikes, and sills (Dymond et al., 1983). Magma could be originated from mantle or mixture of
mantle and crust and their compositions are more or less similar to those of volcanic rocks of which
contain trace amounts of Ra and U (inferred already). As stated above, abundances of Ra and U in
volcanic rocks can not produce Rn abundance as high as the observed values.
The evidence of high 3He/4He ratios (R/RA≥4) in this region, has been supported releasing He
from magma source generated below the Philippine Sea Plate (Sano and Nakajima, 2008; Umeda and
Ninomiya, 2009; Onda et al., 2018; Zhao et al., 2018). If magma chamber exists in this region, it will
locate at great depth of >15 km, and therefore time required to bring magmatic gases, including Rn
upward to the surface by the circulation of hydrothermal fluids will take a long journey. Consequently,
large amount of Rn will be lost during transportation in hydrothermal system for long distance from
the magma chamber to the surface, because of the short half-life of Rn (3.82 days). Therefore, Rn rich
in the hot-spring fluids can not explained by releasing Rn from magmatic source.
4.3.5 Hidden U ore deposits
Having eliminated hot-spring fluids, basement rocks, and magmatic degassing as important possibili-
ties contributing to the Rn abundance in the hot-spring fluids, hidden U deposits beneath this studied
area is dominant means of Rn addition. Many surface exposure U deposits are distributed along or
in faults and shear zone in this region and expanding linearity to Shimane. The surface exposure U
deposits are spatially related with hot-spring fluids. There are 57 hot springs in Misasa and 17 hot
springs in Sekigane of which both are enrichment in Rn, respectively. Radium abundance in hot-spring
fluids in Misasa is lowered as <17.7 fgg−1 (Nakai, 1940), implying that the most Ra is probably
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precipitated during migration of the hydrothermal fluids. Moninaga et al. (1984) and Mifune and Seno
(1986) reported that the red brown sinters occasionally found in the distributing pipe in Misasa have
high abundances of Ra (33.0 ngg−1), and Mn (364 mgg−1), Fe (148 mgg−1), and Ba (69.6 mgg−1).
The existence redox-indicator of Mn and Fe, together with Ra in the sinters suggests that they are
precipitated in oxidized condition, which may be occurred near surface or in O2-enriched zone of
intersection of fault and shear zone.
The small variation of Rn abundance with seasons observed in Misasa hot-springs by Horiuchi
et al. (2015), suggesting that Rn abundance in the hot-spring fluids is little affected by change in
sub-ground water level. This also indicates that the Rn deposits are likely from the deeper aquifers
rather than the near surface. Large amounts of Rn found within the hot-springs are exceeded compared
with those of Ra. The source for generation of Rn rich in the hot-springs are, therefore, required of
large amount of Ra, which can not be supplied by basement rocks and hot-spring fluids as inferred
already. This is resulted into hypothesize that large amounts of U deposits within deeper aquifer are
necessary to supply large amounts of Ra.
The sources to generate Rn-rich in hot-springs are considered to be from the hidden U deposits,
but where they come from. The hot-spring fluids in Misasa have low U abundance of <10 ngg−1,
inferring that they can not be source supplying U deposits. In the plutonic rocks, U is mainly found
in the accessory minerals such as zircon, monazite, and apatite. As U contained in the accessory
minerals is released to a very limited extent, because of chemical resistant of the accessory minerals
The U abundance of the plutonic rocks is 1.50-4.70 µgg−1, which is similar to that of an average of
3.80 µgg−1 of plutonic rocks on the world (Feineman et al., 2013; Kyser, 2014). As the minerals are
minor and weathered resistance, leaching rate of U from those minor minerals is expected to be small.
Thus, the hot-spring fluids and basement rocks are not sources supplying U deposits. This result into a
question where is really the source to provide U?
Uranium is a radioactive element, and most its isotopes is stable. The 238U has a very long half-life
of 4.46×109 years. Uranium occurs in environments in two valence states, which are U4+ (uranous)
and U6+ (uranyl). In magmatic environments, U occurs as U4+ making it a highly incompatible
element, and becomes highly concentrated in residual melts and late-crystallizing minerals such as
zircon, monazite, and apatite. When U concentrated in zircon and monazite as U4+ together with
other silicate minerals during magma solidification, it will not be dissolved and delivered by the fluids.
In order to generate U as U6+ and delivery by solution, this process should be suppressed by
specific conditions such as chloride-fluoride brines in equilibrium with peralkaline melt (Peiffert
et al., 1994, 1996; Dargent et al., 2013). Continued magmatic evolution including crystallization,
depression, degassing causes progressive increase in volatiles and, ultimately separating hydrous
phase, that may contain a wide variety of dissolved constituents of which U is probably enriched. A
steady enrichment of U is result of high U solubility (up ∼1000 ppm) in peralkaline silicate melts in
equilibrium with chloride and fluoride solutions during magmatic fractionation (Peiffert et al., 1994,
1996). Uranium complexes depend on the concentration of complexing anions, which is, in turn,
dependent on temperature and pH (Romberger, 1984).
The uranium complexes tend to be insoluble at low temperatures and at pH 4.5-7 (Hutchinson and
Blackwell, 1984). In groundwater, at temperature of 25 ◦C, uranyl fluoride, phosphates, and carbonate
complexes occur to be dominant at pH of <4, 4−7.5, and >7.5 (Hutchinson and Blackwell, 1984;
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Romberger, 1984), respectively. At lower temperature, U carbonate is likely important in a solution
at pH of >7.5, but when temperature increases, it becomes less important (Romberger, 1984). As
temperature increases > 300◦C, U hydroxide complexes are predominated, whereas uranyl carbonate
complexes dissociate (Langmuir, 1978; Romberger, 1984). The increase in oxygen fugacity and
chloride concentration resulted into increasing the solubility of U in the fluid in equilibrium with
the silicate melt (Peiffert et al., 1994, 1996). The solubility of U in the fluid can be reached up to
170 µgg−1 under oxidizing condition, where complex of U6+ with Cl is dominated Kyser (2014). The
increase in pH or decrease in the oxygen fugacity facilitates the precipitation of U (Romberger, 1984).
The hidden U deposits are expected to form in the depth of the hydrothermal reservoir, but where is
favorable condition for U deposits.
The well-developed fault system and shear zone in this area may have created a particular favorable
zone, where flows of hot and cold fluid are easy to migrate upward to the surface or infiltrate into
the deeper part of hydrothermal reservoir, respectively. When fault systems intersect with the shear
zone, they form intersection zone, where has higher porosity and permeability. With higher porosity
and permeability, the intersection zone is important consideration of open system, which could be
suitable trap environments for U deposits. The occurrences of many large earthquakes, coupled with
active faults and and shear zone have been evidenced tectonically and seismically unstable region.
The tectonic and seismic activities in this region are probably factors, which are responsible for
mineralization caused by releasing CO2, feeding O2, increasing or decreasing temperatures because
of tension and stress forces, may reasons making U deposits.
4.3.6 Evaluation of potential resource of U ore deposits
As stated above, there are many surface exposure U ore deposits in Tottori region, which have no
economic importance due to their small resources. In contrast, the hidden U ore deposits are probably
expected to be large resources in this area. To survey an U ore deposits, there are many methods
such as radioactive survey with an alpha sensitive plastic films, and track-etch methods (Gingrich
and Fisher, 1976; Qureshi et al., 1988). These method are effective only for near surface exposure
U ore deposits, because γ-radiation from these elements can not penetrate through thick rock layers.
With respect to U ore deposits located at very great depth, γ-radiation can not detected by methods as
stated above. However, Rn and Ra are decayed from U decay chain, they can be dissolved into fluids
through releasing from U ore deposit or fluid-rock interaction. In hydrothermal system, the fluids
can be migrated from hydrothermal reservoir by convection upward to the surface. The hydrothermal
fluids can, therefore, carry dissolved Rn and Ra from their source to surface. Therefore, Rn and Ra
can be used as a precursor to prospect the hidden U ore deposit in the depth.
It is possible to estimate potential resources of U ore deposits, where Ra zone may be source
to supply Rn rich in hot-spring fluids. To estimate the potential resources of U ore deposits, there
are two ways that are estimation of the supplying amounts of Ra and Rn to hot-spring fluids. As
pointed out that Ra and Rn are disequilibrated in hot-spring fluids and Ra amounts are too small to
generate Rn rich. In addition, geochemistry of Ra in fluids are strongly controlled by fluid properties
(temperature, pH, oxidation-reduction condition). The Ra abundance may partly removed during
hot-spring fluids ascending upward to the surface due to precipitation as the change of fluid properties
such as decreasing temperature and increasing pH. In contrast, Radon occurs as an inert gas that does
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not react with other elements or compounds and it is soluble in water. It thus enables to migrate freely
from its source to the surface. Therefore, Rn is only the candidate to estimate the potential resources
of U ore deposits.
It is assumed that U is in radioactive equilibrium with Rn and Rn abundance (in pgkg−1) deter-
mined at time when it still does not decay to Po yet. Thus, amount of U (WU in tone) is estimated
as
WU = 10−6×WRn× mRnmU ×
T238
T222
(4.1)
where mRn and mU (in molg−1), and T222 and T238 (in sec) are atomic weights and half-life of 222Rn
and 238U, respectively. The amount of Rn (WRn in g) is delivered by hot-spring fluids with flow rate
Q (in L/sec) at the interval time T to the surface can be estimated as
WRn = [Rn]×Q×T222×10−12 (4.2)
where [Rn] is abundance of Rn in hot-spring fluid. From Equations 4.1 and 4.2, the amount of WU
can be rewritten as
WU = 10−18×T238× [Rn]×Q× mRnmU . (4.3)
In Equation 4.3, the potential U reverse is only dependent on flow rate Q and Rn abundance [Rn]. If
Rn abundance is homogeneous for all hot-spring fluids and flow rate is constant, amounts of U can be
estimated from any hot-springs. However, the Rn abundance and flow rate of the hot-spring fluids in
Misasa are variable, the amounts of U are estimated for each hot spring. The potential reserve of U in
the hidden U ore deposits beneath Misasa are shown in Table 4.2. The potential reverse of U expected
from 0.924 to 17.6 tones with an average of 6.93 tones, could be existed beneath the ground of Misasa
hot-spring area. These results are lower than those estimated values (10 tones and 100 tones) proposed
by Yokoyama (1956) using the dissolved Ra in hot-spring fluids to estimate the reserve U beneath
Misasa area. In his estimation, a dissolving coefficient (K) of Ra into hot-spring fluids is unreal value,
because it is assumed to be dissolved perfectly or partly, which correspond to 1 and 0.1. This is result
into inaccurate estimation by artificial K values.
4.4 HEAT SOURCES OF HOT-SPRING FLUIDS
4.4.1 Sources of heat
The most likely sources of heat for hot-spring fluids are attributed to be from (1) geothermal gradient,
(2) the energy generated by disintegration of radioactive elements of basement rocks, and (3) a body
of hot or possible melted rocks underlying aquifer. Many hot-spring fluids in Misasa area, Tottori,
southwest Japan are associated with anomalously high geothermal gradient (Tanaka et al., 2004), but
surface manifestations of volcanic activity have been determined in this area yet (see Figure 4.5).
The distribution of majority of hot-springs in Misasa are associated with plutonic rocks rather than
volcanic rocks. The plutonic rocks have significant abundances of natural radioactive elements such
as K, Th, and U, which can generate energy in the form of heat through radioactivity. This results into
the question as to whether the heat generated within such the plutonic rocks can cause fluid convection
of sufficient magnitude to develop hydrothermal uranium deposits. Another possibility heat sources of
hot-spring fluids can be attributed from magma activity of which its heat is much larger than that from
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radioactive elements of the plutonic rocks. This study attempts to examine heat sources from whether
the basement rocks or magma activity.
4.4.2 Radioactive heat productions
Radioactive elements such as U, Th and K found within the crust is a key factor in geothermal studies,
typically for understanding continental heat-flow. All naturally radioactive U, Th and K generate
heat to a certain extent in the form of energy accompanying with γ-radiation, which is released
during emitting α- and β -particles, and recoil nuclei. In the crust, plutonic rocks contain significant
amounts of U, Th and K, and relatively higher compared with those of volcanic rocks. For example,
abundances of U, Th and K found within plutonic rocks in Daisen, Tottori, southwest Japan are
4.58 µgg−1, 16.0 µgg−1, and 3.70%, while those found within volcanic rocks are 0.547-1.75µgg−1,
2.75-6.97µgg−1, and 0.830-1.79% (Feineman et al., 2013), respectively. With their relative high
abundances, these elements can yield high heat production (McLennan and Taylor, 1996). It is
possible to calculate radioactive heat generation by applying equation developed by Rybach (1976),
Cermak et al. (1982), and Rybach (1988), and expressed as
HG = ρ(9.52[U]+2.56[Th]+3.48[K])×10−5 (4.4)
where HG,ρ , [U], [Th], and [K] are heat production (µWm−3), density of rocks (kgm−3), and
abundances of U and Th (µgg−1) and K (%), respectively. The results of heat generation estimated
for basement rocks and the hidden U ore deposits are shown in Table 4.3. The heat generation of
the plutonic rock of ages from late Cretaceous to early Tertiary in this study is 2.63 µWm−3, which
falls in the range of heat generation in plutonic rocks on the world (e.g., 1.62-3.09 µWm−3 Artemieva
et al., 2017). This suggests that it is difficult to consider the heat generation produced by the plutonic
rock is the heat source providing for the hot-spring fluids in Misasa area.
It is assumed that the distribution of the abundances of radioactive elements in the plutonic rocks
are considered to be homogeneous and the heat generations are expected to be homogeneous. As
a result, temperature of hydrothermal reservoir is also expected to be homogeneous. However, the
estimated temperature of hydrothermal reservoir is heterogeneously distributed ranging from 120◦C
to 200◦C. In addition, high anomaly of geothermal gradient observed by in Misasa area Tanaka
et al. (2004) can not explained by simple heat generation. These suggests that the heat produced by
basement rocks is ruled out as important heat source for the hot-spring fluids.
The heat generation produced by the volcanic rocks is also estimated to be 0.404-1.09 µWm−3,
which is lower than that by the plutonic rock. The heat source for the hot-spring fluids produced by the
the volcanic rocks is therefore, rejected. The heat generation produced by the hidden U ore deposits is
also ruled out, although it is much higher than those of plutonic and volcanic rocks. This is because of
volumes of U ore deposits are not expected to be large enough to heat the large volume of fluid in
aquifer to be temperature of 120-200◦C.
4.4.3 Heat transferring from magma activities
Having ruled out possibilities of the heat source from the basement rocks and the U ore deposits,
another possibility is magma activity as an important heat source for the hot-spring fluids. The magma
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activity included present- and post-magma activities such as transferring heat by magma fluid ascent
and releasing heat during crystallization and magma convection. The heat is transferred from the
magma activities to hydrothermal fluid of which its turn is circulated and migrated upward to the
surface through fault system and shear zone.
The high 3He/4He ratio (RA>4) observed in Misasa and Sekigane and regional vicinity (inferred
already), evidencing that mantle-delivered He is released by magma degassing beneath Philippine Sea
Plate (Umeda et al., 2012; Onda et al., 2018). Zhao et al. (2018) pointed out that increasing temperature
and fluid contents effectively decrease seismic velocity and increase Poisson ratio. The anomalies of
low velocity (V=−2 to−4%) and high Poisson ratio (σ=3−8%), and low-frequency micro-earthquakes
observed by Zhao et al. (2018) in large earthquake evens in Tottori region, supporting that the existence
of magmatism and ascent of magmatic fluid from the upper mantle upward to the crust.
The heat is transferred from magma into the surrounding rocks when magmas intruded into the
crust, and consequently resulted into anomaly of local geothermal gradient. The heat transfer during
the intrusion of magma may be responsible for the local anomaly of geothermal gradient beneath
Misasa area, which is observed by Tanaka et al. (2004). The existence of magma activities, together
with well-developed fault systems and shear zone beneath this region are perfect conditions for not
only heat transferring during crystallization, differentiation, and magma cooling, but channeled for
ascent of magmatic fluids to be convected in hydrothermal system.
4.5 A MODEL OF GENERATION OF Rn-RICH HOT-SPRING FLUID
With the knowledge of geology, geophysics, and geochemistry, a fundamental requirement of this
study is an attempt to understand mechanism of formation, transportation, and deposition of U, as
well as linking to mechanism of transportation of Rn rich in the hot-spring fluids. As pointed out
above, there are signatures of seismic anomaly and mantle-delivered He, which evidenced that magma
have been existing beneath this area. The magma is probably responsible for source of upwelling
magmatic fluid and causing temperature anomaly beneath this area. The evolution of magma including
crystallization, differentiation, depression, and degassing result into enhancement of volatile, together
with separating hydrous phase of which uranium is suppressed to be enriched, instead of concentrated
in mineral phase. Of this condition, uranium presents in oxidized aqueous fluids as UO2+2 by making
complex with anions (Cl or F).
By staying at stable complexes in aqueous fluids, oxidized U-bearing fluid is easily transported in
hydrothermal systems where heat of magma is transferred into the fluid making convection flow. The
oxidized U-bearing fluid will be circulated and delivered upward to the surface under convection force.
With high porosity and permeability, faults and shear zones are favorable channel for transportation of
the fluid in hydrothermal system. The fact that many U ore deposits such as in the Athabasca Basin
(Canada), Alligator River area of Northern Territory (Australia), and Transbaikal region, (Russia) are
fault-controlled (Harper, 1978; Pedersen et al., 1980; Kislyakov and Shumilin, 1996).
When the oxidized U-bearing fluid percolates passing through the fault systems and shear zone,
there are two possibilities resulting into precipitation of U. One possibility is that decreasing tem-
perature and increasing pH, when the oxidized U-bearing fluid passing through opening fractures of
fault systems and shear zone. Another possibility is that the oxidized U-bearing fluid flows passing
through the reduced aquifer or react with the surrounding wall rocks on the pathways of fluid ascent.
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As a consequence, they will induce an oxidation fonts, where U will be progressively deposited filling
into fractures or intersection of faults and shear zone. The mechanism of precipitation of U may be
occurred according to the redox reaction.
UO2+2 +2HS
−+H2O→ UO2 ↓+SO2−4 +9H+ (4.5)
UO2+2 +2FeO+H2O→ UO2 ↓+2FeO(OH) ↓+O2 ↑ (4.6)
The former mechanism is important in relatively low-temperature and open hydrothermal systems,
while the latter mechanism is important when the reduced aquifer or the wall rocks contain reductants
such as sulfides and ferrous ion or organic material (Romberger, 1984). The U deposits may be
accompanied with deposits of Mn- and Fe-oxyhydroxide, Ba, Ca, and Ra as found in the sinters. In
the fact U deposits found in Masutomi (Yamanashi) and Ikeda (Shimane), Japan, are reported to have
large amounts of Ra (Sugiyama, 1977).
Since U is deposited under oxidizing conditions in which Ra is accompanied with and rather
immobile. The Rn is continuously generated from U deposit zone and remains close to its source.
Since Rn is very soluble in water and its small the diffusion coefficient in water 1.15 cms−1 (Horiuchi,
1998), the transportation of hydrothermal fluids under convection flow is the most important process
to deliver Rn to the surface. The transportation of Rn-bearing hydrothermal fluid can be in the
downwelling limb of convection passing through high temperature portion of the system, as well as
during upwelling portion of the hydrothermal convection system. Because the half-life of Rn is short
(3.82 days), the later portion is the most important process carrying Rn to the surface.
The convection will be more effective in areas of high porosity and permeability, where faults and
shear zone are well-developed. The fact that there are many Rn-rich in hot-spring fluids in intersection
of faults and shear zone such as in Misasa and Sekigane, implying that the transportation of the
Rn-bearing fluids are structurally controlled. In short, the origin of high Rn abundances found within
hot-spring fluids are generated from the hidden U deposits beneath Misasa and Sekigane.
4.6 SUMMARY
This chapter has extended several possibilities of which are responsible for generation of Rn rich
in the hot-spring fluids. The hot-spring fluids and basement rocks are not sources responding for
generation Rn-rich in hot-spring fluids, because of their abundances of Ra and U are too low compared
with those estimated values equilibrated with that of Rn in hot springs. The Rn-rich in the hot-spring
fluids is also not explained by releasing Rn though magma degassing, because the half-life of Rn is
too short for long journey from magma chamber to the surface. Having eliminated hot-spring fluids,
basement rocks, and magma degassing as important sources, the hidden U ore deposits beneath Misasa
and regional vicinity are likely sources to generate Rn-rich in hot springs.
The deposition of U from the oxidized U-bearing fluids is attributed for the changes in physio-
chemical fluid properties and the reaction with reductants in the reduced fluids or rocks. The decreasing
temperature, increasing pH, releasing CO2, and feeding O2 into hydrothermal fluids are reasons
responding for U deposits. The oxidized U-bearing fluids react with reductants on the pathway passing
through the reduced fluids and rocks, is another reason resulting into U deposits.
With respect to areas of high porosity and permeability, the convection becomes more effective
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for transportation of fluid and heat. The well-developed fault systems and shear zone have higher
porosity and permeability compared with the surrounding wall rocks, may have provided favorable
environment for not only hydrothermal circulation, but also suitable trap to deposit U. They also play
an important role as main channel for delivering Rn from its source to the surface by the transportation
of the fluid. Under the circulation of the hydrothermal fluids, the heat is transferred from its source
into fluid and delivered to the surface through transportation of the fluid.
Radon is an inert gas element that does not react with other elements and compounds and it is
able to migrate freely from its source to the surface by soluble gas phase in the fluid. Therefore, Rn
is used as a tool for not only exploration of the hidden U ore deposit, but estimation of the potential
reserve of U. By using Rn abundance in the hot-spring fluids, the potential reserve of U from the
hidden U deposits beneath this studied area, is estimated varying ranging from 0.924 to 17.6 tones
with an average of 6.93 tones.
The hidden U deposits and plutonic rocks contain significant abundances of U and K, Th, and U,
respectively. However, the heat generated by energy released from those radioactive elements is not
enough to heat the fluid in hydrothermal reservoir up to temperature of 120-200◦C. In contrast, the
heat transferred from magma chamber is attributed for heating up the hydrothermal reservoir. Further
prospection and evaluation of the promising hidden U ore deposits and heat source at depth should be
concentrated in the areas, where favorable environment discussed in this study and as shown to be
important conditions for the formation of U deposits.
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Table 4.1: The mean of Radon abundance (n=3) and its standard deviation of the 14 selected hot springs in Misasa was shown together with that of calculated
abundances of Ra and U, which are assumed to be reached to secular equilibria with Rn abundance in hot-spring fluids.
code sample site date [Rn]Bqkg
−1 a[Rn]fgkg
−1 b[Ra]pgg
−1 b[U]µgg
−1
MSS-02-1 Okayama University No.2 2017 Mar.10 272 ± 10 47.9 ± 1.8 7.18 19.0
MSS-03-1 Okayama University No.3 2017 Mar.10 186 ± 15 32.7 ± 2.6 4.90 13.0
MSS-04-1 Okayama University No.4 2017 Mar.10 410 ± 11 72.0 ± 2.0 10.8 28.7
MSS-06-1 Okayama University No.6 2017 Mar.10 250 ± 6.7 43.9 ± 1.2 6.59 17.5
MSS-01 Misasa Town No.6 2017 Apl.5 269 ± 11 47.3 ± 1.9 7.10 18.8
MSS-03-2 Misasa Town No.1 2017 Apl.5 291 ± 12 51.2 ± 2.0 7.68 20.4
MSS-05 Misasa Onsen Hospital No.5 2017 Apl.5 364 ± 25 63.9 ± 4.4 9.59 25.4
MSS-07 Misasa Onsen Hospital No.6 2017 Apl.6 337 ± 19 59.2 ± 3.4 8.89 23.6
MSS-11 Ishiyu 2017 Apl.6 2005 ± 80 352.4 ± 14 52.9 140
MSS-16-1 Kiya Rakusennoyu 2017 Apl.6 261 ± 7.5 45.9 ± 1.3 6.89 18.3
MSS-21-1 Kawaranoyu 2017 Apl.6 443 ± 20 77.8 ± 3.5 11.7 31.0
MSS-26 Misasakan No.4 2017 Apl.4 241 ± 11 42.3 ± 1.9 6.35 16.8
MSS-34 Branc Art Misasa 2017 Apl.4 480 ± 12 84.4 ± 2.1 12.7 33.6
MSS-35 Iwasaki Yamanoyu 2017 Apl.4 290 ± 21 51.0 ± 3.7 7.66 20.3
The [Rn]a in fgkg−1 was converted from that of [Rn] in Bqkg−1. The estimated [Ra]b and [U]b are assumed to be in radioactive equilibria with that of Rn.
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Table 4.2: The flow rate of hot springs and potential reverse of U in Misasa area.
code flow rateLs
−1
Utone
MSS-02-1 0.308 1.94
MSS-03-1 0.215 0.924
MSS-04-1 0.240 2.27
MSS-06-1 0.443 2.56
MSS-01 2.83 17.6
MSS-03-2 0.233 1.57
MSS-05 0.477 4.00
MSS-07 0.538 4.19
MSS-11 − −
MSS-16-1 0.547 3.30
MSS-21-1 0.508 5.20
MSS-26 1.73 9.64
MSS-34 0.228 2.53
MSS-35 0.645 4.32
The sample code is the same Table 4.1. The symbol “−“ indicates the flow rate is not measured.
Table 4.3: The estimated heat production from basement rocks and the hidden U ore deposits
plutonic rocks volcanic rocks U ore deposits
ρkgm−3 2.75×103 2.67×103 8.72×103
[K]% 3.70 0.830−1.79 n.d
[Th]µgg
−1
16.0 2.75−6.97 n.d
[U]µgg
−1
4.58 0.547−1.75 13.0−140
HPµWm
−3
2.63 0.404−1.09 10.8−116
Abundances of K, Th, and U of plutonic and volcanic rocks are from Feineman et al. (2013). In the
hidden U ore deposits, only U abundance is estimated is from Table 4.1, while those of K and Th are
not determinedn.d . Element abundances and heat productions for volcanic rocks and the hidden U ore
deposits are shown in the range from minimum value to maximum value.
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Figure 4.1: Spatial relationship between geographic distribution of faults and shear zone and occurrences of Rn abundance, together with U ore deposits in Tottori
region, southwestern Japan. Map is revised after Nakai (1940); Hida et al. (1961); Gutscher and Lallemand (1999); Okada (2002); Itoh et al. (2002); Noguchi et al.
(2004)113
Figure 4.2: Spatial relationship between geographic distribution fault systems and occurrences of the air corrected 3He/4He ratio together with U ore deposits in
Tottori area, SW Japan. Map is revised after Hida et al. (1961); Gutscher and Lallemand (1999); Okada (2002); Itoh et al. (2002); Noguchi et al. (2004); Umeda
et al. (2012); Onda et al. (2018).
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Figure 4.3: Spatial relationship between geographic distribution fault systems and shear zone and occurrences of earthquakes in Tottori area, SW Japan. Map is
revised after Hida et al. (1961); Gutscher and Lallemand (1999); Okada (2002); Itoh et al. (2002); Noguchi et al. (2004); Zhao et al. (2018).115
Figure 4.4: Geographic distribution of P-wave velocity (VP), S-wave velocity (VS), and Posison ratio along cross section C-D of which is shown in inset map in
Tottori region, southwestern Japan. The low velocity or high Poisson ratio are indicated red color, whereas The high velocity or low Poisson ratio are indicated by
blue color. The degree of velocity and Poisson ration are shown in bar scale under the inset map. Map is revised after Zhao et al. (2018).
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(a)
(b)
Figure 4.5: Distribution of hot spring fluids in Misasa area, and others in Tottori regions, southwestern
Japan. High temperature hot springs are consistent with those of geothermal gradient (Tanaka et al.,
2004). Geothermal gradient was calculated from the difference between the temperature at the bottom
of each borehole or the maximum temperature in the borehole and the average surface temperature.
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Figure 4.6: Dependency of Rn abundance of the hot-spring fluids in Misasa area.
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Figure 4.7: Schematic illustration of 238U decay chain after Bourdon et al. (2003). A red box indicates
for Ra, which has a chemical behavior similar as alkali earth elements such as Sr and Ba, while a
green box indicates for Rn, which has chemical behavior similar as noble gases such as He and Ne.
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Figure 4.8: Correlation between Rn and Ra in the hot-spring fluids in Misasa area.
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Figure 4.9: Ra abundance equilibrated with Rn abundances in hot-spring fluids (calculated by this study) and that in hot-spring fluids (measured by Nakai (1940)),
and that in Misasa granite (Sakoda et al., 2008b).
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Figure 4.10: Uranium abundance equilibrated with Rn abundances in hot-spring fluids (calculated by this study) and that in hot-spring fluids (measured by this
study), and granitic rocks (Yemer et al., 2016, personal communication, Feineman et al. 2013) and in volcanic rocks (Nguyen et al., 2018).
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Figure 4.11: Model of hydrothermal system to explain for hidden U ore deposits and Rn rich in the hot-spring fluids in Misasa area and regional vicinity, Tottori,
Japan.123
A Solution for decay chains
It is possible to estimate an initial abundance of 238U from any intermediate elements from U
decay chain. The 234Pa, 234U, 230Th, and 226Ra are dependent on physio-chemical properties such
as temperature, pH, dissolved oxygen, oxidation and reduction, precipitation process as well as
constituent of species in natural waters. Their abundances are probably changed. In contrast, 222Rn is
the noble gas with the potential to leave the aqueous system through exsolution. Therefore, 222Rn is
the best candidate to estimate the initial abundance of 226Ra and 238U. To solve for evolution of the
intermediate species of 238U decay chain (using simply notation of N1 = 238U, N2 = 234Th, N3 = 234U,
N4 = 230Th, N5 = 226Ra and N6 = 222Rn, N is the number of nuclei), six first nuclides in the decay
chain are expressed as
N1 = N01e
−λ1t, (7)
N2 = N02e
−λ2t+λ1N01
[
e−λ1t
λ2−λ1 +
e−λ2t
λ1−λ2
]
, (8)
and N3 = N03e
−λ3t+λ2N02
[
e−λ2t
λ3−λ2 +
e−λ3t
λ2−λ3
]
+λ1λ2N01
[
e−λ1t
(λ2−λ1)(λ3−λ1) +
e−λ2t
(λ1−λ2)(λ3−λ2) +
e−λ3t
(λ1−λ3)(λ2−λ2)
]
(9)
The solution for N4, N5 and N6 are symmetrically written down the same as N3. When λ2t1
and λ2t1, then
N2 =
λ1N1
λ2−λ1 (10)
and N3 =
λ1λ2N1
(λ2−λ1)(λ3−λ1) . (11)
Therefore,
λ1N1 = (λ2−λ1)N2
=
λ2−λ1
λ2
(λ3−λ1)N3
=
(λ2−λ1)(λ3−λ1)
λ2λ3
(λ4−λ1)N4
=
(λ2−λ1)(λ3−λ1)(λ4−λ1)
λ2λ3λ4
(λ5−λ1)N5
=
(λ2−λ1)(λ3−λ1)(λ4−λ1)(λ5−λ1)
λ2λ3λ4λ5
(λ6−λ1)N6 (12)
Because λ6 λ5, and at secular equilibrium between N5 (226Ra) and N6 (222Rn) is λ5N5 = λ6N6.
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Based on stated above theory, 222Rn abundance can be estimated from 238U as described below.
λ238U
238U = (λ234Th−λ238U)238Th (13)
Because λ234Th λ238U , hence
λ238U
238U≈ λ234Th 238Th or
238U
234Th
≈ λ234Th
λ238U
(14)
By applying the same principle to 226Ra and 222Rn, we have
238U
226Ra
≈ λ226Ra
λ238U
, and
226Ra
222Rn
≈ λ222Rn
λ226Ra
. (15)
B Estimation of abundances of Ra and U
Conversion of unit:
The abundance of Rn (CRn) in Bqkg−1 is converted into µgkg−1 by applying the equation (Knoll,
2010) that expressed as
ABq = NA
m
m222Rn
ln2
T1/2
. (16)
Where ABq is the number of 222Rn in Bq, m and m222Rn are mass (g) and atomic mass (gmol
−1) of
222Rn, and NA = 6.022141× 1023 and T1/2 are Avogadro constant (mol−1) and half-life of 222Rn
(3.824×24×3600 s), respectively.
Estimation of abundances Ra and U: Based on Equation 15, abundances of Ra and U are
estimated as follow
C226Ra =
T226Ra1/2
T222Rn1/2
× m222
m226
×C222Rn and C238U =
T238U1/2
T222Rn1/2
× m222
m238
×C222Rn (17)
From equation 17, abundances of 226Ra and 238U are estimated from abundance of 222Rn in
fgg−1 with λ222Rn = ln2/(3.824/365) (y−1), λ226Ra = ln2/(1600) (y−1) and λ238U = ln2/(4.47×
109) (y−1).
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Chapter 5
CONCLUSIONS
5.1 OVERVIEW
This study is the first one that has been conducted comprehensive geochemical analyses for
major- and trace elements, Rn, and Sr isotopes of hot-spring fluids in Misasa area, Tottori, southwest
Japan. To achieve comprehensive geochemical analyses, firstly, the author has been developed
precise analytical technique (FDC-ID-IS) for the determination of 52 elements in natural waters
with concentrations ranging from µgg−1 to fgg−1 level using freeze-drying preconcentration (FDC)
and isotope dilution internal standardization (ID-IS). Besides, the author has been developed precise
analytical technique for determination of 5 another elements (F, Cl, Br, N, and S) in natural waters
using ion chromatography combined with compact IC 761. Secondly, the author has developed
simple techniques to collect hot-spring fluids for analyses of major- and trace-elements, and Rn. The
comprehensive geochemical composition including major- and trace elements, Rn, and 87Sr/86Sr
isotopes of the hot-spring fluids in Misasa area has been determined to characterize the hot-spring
fluids. By combination of the result obtained by this study and available literature of geology and
geophysics, this study has been further extended to interpret possible sources to generate Rn rich in
the hot-spring fluids. All conclusions are summarized as following below.
5.2 DEVELOPMENT OF NEW FREEZE-DRYING PRECONCENTRATION TECH-
NIQUE
By combination of freeze-drying concentration (FDC) and isotope dilution internal standardization
(ID-IS), a new analytical preconcentration technique so-called FDC-ID-IS has been developed for
precise determination of abundances of 52 elements of natural water with concentrations ranging from
µgg−1 to fgg−1 level. The FDC-ID-IS has been taken state-of-the-art analytical advantages. The
overestimation of element abundances resulted from interferences is minimized by using high-mass-
resolution technique (M/∆M = 4000 or 10000), together with applying oxide-correction technique.
By dissolution of the sample in 0.5 molL−1 HNO3 and dilution of the sample solution to NaCl of
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≤0.2 cgg−1 for ICP-QMS measurement and ≤0.1 cgg−1 for ICP-SFMS measurement, hydrolysis of
Th and matrix effects are avoided.
Through freeze drying, the volume of sample solution is reduced to concentration factor of
C=50−180. The FDC-ID-IS technique demonstrates full recovery yields (96.8–106%), small detection
limits in the sample solution (≤10 pgg−1 for most elements, except 100 pgg−1 for Na, 89.0 pgg−1 for
K, and 15.6 pgg−1 for Ca), and small blanks (at pg-level for most elements, except for ng-level for Na,
Mg, Al, P, Ca, Mn, Fe, Co, Ni, Cu, and Zn). The FDC-ID-IS technique also shows reproducibilities
for determination of element abundances of river water SLRS5 are small (≤10% for 51 elements
with exception of 21% for Sn), which are 1.7−31 times better for 32 trace elements except for
Sn, and consistent for 16 major- and transition-elements compared with that determined without
preconcentration by Yeghicheyan et al. (2013).
The reliability of the FDC-ID-IS technique is demonstrated by analyses of drinking waters from
seven geological sources with concentrations ranging from fgg−1 to µgg−1 level. The results of
duplicated analyses show relative differences are <10%, 10−20%, and >20% for 80%, 10%, and
10% of total 260 acquisitions, respectively. Major-element abundances inferred on the labels coincide
with those determined by this study and CI-normalized patterns for REEs show clearly slops with
negative anomalies of Ce and Eu, suggesting that the analyses are properly conducted for the samples
with various matrices and extremely low element abundances. These results infer that applicability
of the FDC-ID-IS technique to determine extremely low trace-element abundances accurately and
precisely for hot-spring fluids.
5.3 CHARACTERIZATION OF MISASA HOT-SPRING FLUIDS
There are 57 hot-springs that are located in narrow strip 1.5 km stretch of Misasa area, where
basement geology are dominated by late Tertiary plutonic rocks to early Quaternary volcanic rocks.
To characterize the hot-spring fluids in Misasa area, comprehensive analyses have been conducted
to determine physio-chemical parameters including temperature, pH, dissolved oxygen, and electric
conductivity, major- and trace elements, Rn, and Sr isotopic compositions. The hot-spring fluids show
no correlation between temperature and pH, because the pH is chemical parameter of aqueous H+
activity, which is controlled by chemical reaction during the fluid-rock interaction, rather than that of
temperature alone.
The hot-spring fluids show variations in element abundance among not only elements (from
level of fgg−1 for REEs to µgg−1 for Na), but fluids (from 0.311 pgg−1 to 19.3 pgg−1 for Nd). The
variations are likely related to solubilities of elements, which are mainly controlled by temperature
and pH. The positive and negative trends of element abundances and temperature and pH, respectively,
suggesting that the fluids are progressively react with the wall rocks at elevated temperature. The
hot-spring fluids show the negative trend with volcanic rocks, but plutonic rocks, which inferred from
correlation between Li/Cs ratio and Rb/Sr ratio, suggesting that the hot-spring fluids are probably
reacted with the volcanic rocks.
Chlorine is the most dominant element in the hot-spring fluids with abundances from 70.4 to
688µgg−1, which is ∼100 and ∼44 times higher and lower than that of the surface water and sea
water, respectively. Amphibole and biotite contain significant abundance of Cl, but they are minor
minerals in rocks. It is, therefore, difficult to consider that Cl is mainly contributed from the surface
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water, sea water, and basement rocks. Chlorine is correlated with temperature, suggesting that the
initial fluids may come from the depth of a hydrothermal reservoir, where Cl is probably derived from
magma fluids.
Based on Na-K-Mg diagram proposed by (Giggenbach, 1988), temperature of hydrothermal
reservoir is estimated to be 120-200◦C, and most samples fall into the immature fluid and partial
equilibrated field of the diagram. These suggest that the hot-spring fluids are from heterogeneous high
temperature hydrothermal reservoir and the fluid-rock interaction has not been reached to equilibrium
yet.
The normalized-UCC patterns of major- and trace-element show negative slopes with positive
spikes of Cl, Li, Cs, Tl, Pb, and Be and depletion of Mg and V. The positive spikes of Li, Cs, Tl, Pb, and
Be and Be are resulted from the fluid-rock interaction, while the negative spikes of Mg is because of
incorporation of Mg into smectite hydroxide during fluid-rock interaction. The normalized-CI patterns
of REEs show flat patterns and slightly positive slopes that differ from those of the basement rocks
of which have strongly negative slopes, suggesting REEs are not simply controlled by the fluid-rock
interaction. The positive correlation between abundances of Nd and ∑REEs and that of Cl and S,
suggesting that the REEs are probably controlled by scavenging with Cl− and SO2−4 . The positive
correlation among abundances of Fe and Ca and those of elements Ce and Eu, suggesting that negative
anomalies of Ce and Eu are resulted from incorporation onto precipitations of Fe oxyhydroxide and
calcite, respectively. Based on temperature, pH, and abundances of ∑REEs, the hot-spring fluids in
Misasa are classified into three groups (I, II, and III). Group I is characterized by higher temperature,
lower pH, and higher abundances of ∑REEs, while the group II is characterized by lower temperature,
higher pH, and lower abundances of ∑REEs. The group III is characterized by variation in temperature
and pH, and lowest abundances of ∑REEs.
The 87Sr/86Sr ratios of the hot-spring fluids are much lower than that of meteoric water, sea water,
and granitic rocks, suggesting that there are no genetic links to the meteoric water, sea water, and
granitic rock. The 87Sr/86Sr ratios of the hot-spring fluids fall into the range of the volcanic rocks,
and Sr abundance is positively and negatively correlated with temperature and pH, supporting that the
fluid have been reacted with the volcanic rocks at the depth.
The hot-spring fluids in Misasa area are uniquely characterized by both Rn rich and high tempera-
ture. Radium in the hot-spring fluids and the granitic rocks is not sources to generate Rn rich in the
hot-spring fluids, because of extremely low abundance of Ra in the hot-spring fluids and very low
leaching efficiency of Rn from the granite into the fluid, respectively.
5.4 U ORE DEPOSIT: SOURCE GENERATING RADON RICH HOT-SPRING FLU-
IDS
Several possibilities responding for generation of Rn rich in the hot-spring fluids are extended in
this study. As stated above, the exceeded Rn abundance in the hot-spring fluids can not explained by
Ra in the hot-spring fluids and basement rocks, because of their low Ra abundance and small leaching
efficiency of Rn into the fluids, respectively. The addition of Rn from magma degassing is also ruled
out, because the half-life of Rn is too short for long journey from magma chamber to the surface.
Having eliminated the three possible sources mentioned above as important sources, hidden U ore
deposits beneath Misasa are likely sources to generate Rn-rich in hot springs.
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The formation of U ore deposits is results of precipitation of U from the oxidized U-bearing fluids,
which is attributed to the change in physio-chemical fluid properties and the reaction with reductants
in the reduced fluids or rocks. Under hydrothermal system, the fluid is heated by transferring from
magma chamber and it is delivered to the surface by convection. When the fluids reach to the near
surface, they will decrease temperature, increase pH, release CO2, as well as feed O2, leading to
precipitation of U. The another possibility resulting into precipitation of U is probably oxidized
U-bearing fluids reacting with reductants of the reduced fluids or the reduced rocks.
The transportation of heat and fluid to the surface through hydrothermal convection, as well as
trap to deposit U are mainly controlled by well-developed fault systems and shear zones, where have
higher porosity and permeability relative to the surrounding wall rocks. The occurrences of many
surface exposure U ore deposits are associated with the well-developed fault systems and shear zones,
where Rn rich hot-spring fluids are also found, are important relationships suggesting the existence of
the hidden U ore deposit at the depth.
Radon is an inert gas element and it can migrate freely from its source to the surface as soluble
gas phase in the fluid. Radon can be used as powerful tools for not only exploration of the hidden U
ore deposit, but estimation of the potential reserve of U. The potential reserve of U from the hidden U
deposits beneath this studied area, is estimated to be from 0.924 to 17.6 tones.
The plutonic rocks and hidden U deposits contains significant amounts of radioactive elements
K, Th, and U, and U, respectively. To heat the fluid in hydrothermal reservoir up to temperature of
120-200◦C, the heat generated by energy released from those radioactive elements is not enough.
In contrast, magma activity can transfer significant heat for heating up the hydrothermal reservoir.
Further prospection and evaluation of the promising hidden U ore deposits and heat source at depth
should be concentrated in the areas, where favorable environment discussed in this study.
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